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RECYCLING  OF  A  LAMPF  KLYSTRON* 


Paul  J.  Tallenco  and  Robert  L.  Cady 
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P.O.  Box  1663.  MS  H-827,  Los  Alamos,  NM,  87545 

Abstract 


This  paper  describes  the  modelling,  reb...lding,  and 
testing  of  a  modulating-anode  klystron  having  1.25  MW 
peak  output  power.that  was  originally  made  for  the  Los 
Alamos  Meson  Physics  Facility  (LAMPF).  All  original 
klystron  parameters  were  retained,  with  the  exception  of  the 
center  frequency,  which  was  raised  from  805  to  850  MHz. 
Each  of  the  five  cavities  had  to  be  redesigned  to  achieve  this 
increase.  We  describe  the  rebuilding,  which  was  performed  at 
the  LAMPF  klystron  repair  facility,  and  present  experimental 
characteristics  of  the  rebuilt  klystron.  The  klystron  has 
produced  over  1  MW  at  the  new  frequency. 

I.  INTRODUCTION 

The  klystrons  for  the  Ground  Test  Accelerator  (GTA) 
have  the  same  specifications  as  those  for  LAMPF,  with  the 
exception  of  the  center  frequency.  .A  commercial  contract 
was  let  for  the  new  klystron,  but  the  vendor  had  several 
problems  with  vacuum  leaks,  cathode  emission,  and  even  an 
open  filament.  The  repeated  failures  of  the  prototype  were 
beginning  to  jeopardize  the  GTA  schedule,  so  a  parallel 
development  effort  at  Los  Alamos  was  initiated.  Since  most 
of  the  klystron  parameters  were  identical,  and  the  LAMPF 
klystron  rebuild  facility  [1]  still  exists,  a  rebuild  of  a  failed 
LAMPF  klystron  was  suggested  as  the  most  expedient  way 
of  obtaining  a  1-MW,  850-MHz  device. 

The  one-dimensional  klystron  code,  DMKl,  [2]  was  used 
to  determine  that  the  klystron  would  operate  with  about  the 
same  efficiency  and  bandwidth  at  the  new  frequency,  provided 
that  the  five  cavities  were  rebuilt  to  increase  the  center 
frequency  of  each  by  45  MHz.  The  particular  klystron 
chosen  from  the  accumulation  of  defective  LAMPF  klystrons 
had  a  broken  ion-pump  connector,  but  was  thought  to  be 
operable  in  all  other  aspects. 

II.  THE  REBUILD  PROCESS 

The  rebuild  process  began  witli  disassembly  of  the 
klystron.  The  parts  are  shown  in  Fig.  1.  The  outside  walls  of 
the  buncher  cavities  are  stainless  steel.  A  half  section  of  a 
typical  unmodified  buncher  cavity  is  shown  in  Fig.  2.  Each 
buncher  cavity  also  has  a  side- wall  tuner  that  occupies  90_  in 
azimuth,  and  fills  the  length  of  the  cavity.  Using  the  code 
SUPERFISH  [3],  we  determined  the  cylindrical  volume  that 
would  raise  the  frequency  of  each  cavity  by  45  MHz.  A 
typical  cylinder  is  shown  by  the  dashed  lines  in  Fig  2.  The 
four  buncher  cavities  were  cut  open  near  an  end,  and  a 
stainless  steel  cylinder  was  welded  to  the  outer  walls  of  each 
to  raise  its  frequency.  Experimental  cylinders  were  made 
with  the  same  axial  length,  but  1.33  times  the  thickness  of 
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Fig  1.  Photograph  of  the  disassembled  klystron. 


Fig.  2.  Drawing  of  a  half  of  a  buncher  cavity.  Dashed  line  is 
new  shape  to  raise  the  resonant  frequency  by  45  MHz. 

the  calculated  cylinder,  to  account  for  the  fact  that  the 
experimental  parts  occupy  only  3/4  of  the  circumference 
Aluminum  cold-test  models  of  the  cavities  were  built  to 
verify  the  new  resonant  frequencies.  The  input  cavity 
presented  a  new  challenge:  it  requires  an  input  loop  as  well 
as  a  tuner.  The  space  occupied  by  this  loop  ieft  less  space  for 
the  tuning  segment,  and  the  gap  was  increased;  in  addition 
the  size  of  the  tuning  segment  was  reduced.  The  input  cavity 
had  a  downstream  gap  whose  edges  had  partially  melted  in  an 
unsymmeuical  fashion.  We  machined  the  edges  down  about 
2  mm  to  restore  the  symmetry.  Because  the  output  cavity 
was  copper  plated,  and  could  not  be  welded,  this  cavity  was 
entirely  retuned  by  increasing  the  gap  length.  The  output 
gap  was  increased  by  4.5  mm  by  machining  the  gaps.  Each 
cavity  was  then  pressed  together  and  cold-tested  to  verify  the 
new  frequencies,  with  the  tuners  adjusted  to  their  central 
positions.  Next  the  cavities  were  cleaned  and  reassembled, 
using  a  mandrel  to  align  the  parts  to  the  beam  axis.  All  parts 
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were  first  cleaned  with  tricloethelync,  ani  cn  soaked  in  3 
successive  2-hr  baths  in  hot  de-ionizc  i  watu.  The  water  was 
removed  with  an  ethanol  bath,  and  the  parts  were  baked  in  an 
oven  with  a  dry-hydrogen  atmosphere.  The  klystron  has  an 
oxide  cathode,  so  the  electron  gun  had  to  be  removed  and 
cleaned,  and  a  new  surface  was  sprayed  onto  the  cathode  just 
before  final  assembly.  After  assembly,  the  klystron  was  put 
into  an  oven,  evacuated,  and  baked  for  3  days  at  300°C. 
After  the  klystron  cooled  down,  the  cathode  was  activated  and 
tested  at  low  voltage.  Next  the  klystron  was  pinched  off,  and 
the  water  fittings  and  connectors  applied.  Tuning 
mechanisms  were  at' ached  to  allow  the  cavities  to  be  adjusted 
as  the  klystron  operates. 

III.  TEST  RESULTS 

The  completed  klystron  was  t^nitcd  first  in  a  standard 
LAMPF  modulator  [4]  and  tested  to  over  1  MW  of  peak 
output  power  at  850  MHz.  At  this  time  the  cavities  were 
tun^  for  gain,  bandwidth,  and  efficiency.  Next,  the  klystron 
was  mov^  to  a  GTA  modulator  [5]  and  more  extensive  data 
were  taken.  The  most  important  data  arc  shown  in  Fig.  3; 
where  the  power  output  is  shown  vs  the  power  input  for  a 
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Fig.  3.  Ou^ut  power  vs  input  power  for  the  rebuilt 
klystron,  into  a  matched  load  and  into  6  phases  of  a  1.5:1 
VSWR  mismatch. 


matched  load  and  for  6  equally-spaced  phases  of  a  1.5:1 
VSWR  mismatch.  The  origin  of  the  input  power  axis  was 
shifted  one  major  division  to  the  right  ^tcr  each  curve  was 
taken.  This  data  was  taken  at  850  MHz,  with  82.3  kV 
cathode  voltage  and  30  A  cathode  current.  The  focus  coil 
current  was  17.2  A.  The  peak  body  current  at  saturation  was 
0.47  A  with  the  matched  load,  0.5  A  at  the  first  phase  of  the 
mismatch,  and  0.43  A  at  the  4th  mismatch  phase,  which  is 
the  low-impedance  phase.  Data  on  bandwidth  and  operation  at 
other  beam  voltoges  and  currents  were  also  taken,  but  are 
omitted  due  tr  pace  limitations.  The  original  specification 
called  for  1  ms  maximum  pulse  length  and  12%  duty  factor, 
but  the  klystron  operated  well  at  2  ms  pulses  and  at  the  2% 
doty  required  for  GTA 
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Abstract 

Strict  requirements  on  the  tolerances  of  the  amplitude 
and  phase  of  the  radio  frequency  (RF)  cavity  field  are  ncccs- 
•sary  to  advance  the  field  of  accelerator  technology.  Due  to 
these  stringent  requirements  uptm  modern  accelerators,  a 
new  approach  of  modeling  and  simulating  is  essential  in  de¬ 
veloping  and  understanding  their  characteristics.  'I  his  paper 
describes  the  implementation  of  a  general,  linear  model  of 
an  RF  cavity  which  is  used  to  develop  a  real-time  signal  pro¬ 
cessor.  'Dtis  device  fully  emulates  the  re.sponse  of  an  RF  cav¬ 
ity  upon  receiving  characteristic  parameters  (On.  uo.  Aw. 
Rs.  Z.,). 

Simulating  an  RF  cavity  with  a  real-time  signal  prtKX.s- 
sor  is  beneficial  to  an  accelerator  designer  because  the  de¬ 
vice  allows  one  to  an.swcr  fundamental  questions  on  the  re- 
s|)onse  of  the  cavity  to  a  particular  .stimulus  without  operat¬ 
ing  the  accelemtor.  In  particular,  the  complex  interactions 
between  the  RF  power  and  the  ctmtrol  systems,  the  beam 
and  cavity  fields  can  simply  be  observed  in  a  real-time  dt>- 
main.  The  .signal  pr(K'e.s.sor  can  also  be  used  u|)on  initiali/ti- 
tion  of  the  accelerator  as  a  diagnostic  device  and  as  a  dummy 
load  for  determining  the  clt'scd-lix>p  error  »)f  the  control  sys¬ 
tem.  In  e.ssence.  the  signal  proce.ssor  is  capable  of  providing 
information  that  allows  an  operator  to  determine  whether 
the  control  systems  and  peripheral  devices  arc  operating 
pntperly  witht)ui  going  through  the  tedious  procedure  t)f 
running  the  beam  through  a  cavity. 

I.  INI'RODIK'I'ION 

Utilizing  a  baseband  complex  envelope  analogy  of  an 
RF  cavity  system  [  l-3|.  a  hardware  realization  (i.e..  real¬ 
time  signal  processor)  is  developed.  This  pn^cssor  has  the 
ability  to  simulate  the  effect  of  cavity  detuning,  beam  loading 
and  finite  0.  A  brief  overview  »)f  the  relevant  theory  is  pres¬ 
ented.  This  paper  focuses  on  the  implementation  of  a  theo¬ 
retical  model  to  create  a  real-time  signal  nnK'C.ssor  and  con¬ 
cludes  with  a  direct  compari.son  of  the  results  from  the  math¬ 
ematical  simulations  and  the  hardware  simulations. 

II.  MAmiiMAl'K  AL  KLALIZATION  OF  AN  RF 
('AVfl'Y 

This  section  outlines  the  procedure  used  to  develoj)  a 
model  for  an  RF  cavity  which  implements  the  complex  enve¬ 
lope  isomorphism,  initially  developed  in  reference  j  l|.  This 
approach  of  modeling  a  R  Fcavity  deviates  from  the  standtird 
approach  of  using  iimplitude  and  phase  analysis  by  encoding 
the  releviint  information  into  two  linear,  general  low-pass 
functions;  in  phase  (1)  and  quadrature  (O).  In  essence,  the 
complex  envelope  tinalogy  reduces  a  hand-pass  system  into 
low-pass  functions  |2|. 
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Anil)  Sli.ikgu  UiUiiM  (  uiiiiii.iikI  tiiKki  m.  .ius|iKi.Mit  llu  IliiiuaSl.iUN 
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A  single-mode  resonant  cavity  system  is  composed  of 
four  components  (see  figure  1):  an  RF  source,  a  transport 
component,  an  RF  cavity  and  a  beam  loading  component. 

RF  .Source  tran.sport  RF  cavity  beam 


I  :K 


Figure  1.  .Simplified  equivalent  circuit  of  an  RF  cavity 
system. 

Applying  fundamental  principles  of  circuit  theory  to 
figure  1.  a  .set  of  characteri.stic  equations  that  describe  the 
miertfwave  junctions  of  the  RF  cavity  system  (i.c..  forward 
voltage  and  reflected  voltage)  are  derived  and  are  graphical¬ 
ly  illustrated  in  figure  2.  ‘Ilte  resonant  cavity  sy.stcm  block 
diagram  also  de.scribes  the  effects  of  beam  coupling  and  in¬ 
put  coupling.  Note  that  all  of  the  inputs  and  outputs  consi.st 
of  an  in-phasc  and  a  quadrature  component:  hence,  the 
bUx:k  diagram  is  more  complex  than  illustrated  in  figure  2. 


Figure  2.  Illock  diagram  of  an  RF  cavity  system. 


The  caviiy  dynamics  are  the  mathematical  realization 
of  the  complex  convolution  inieural  between  a  narrow-band 
RF  signal  and  an  RF  cavity  realized  as  a  bandpass  device  13|. 
From  the  principles  of  convolution,  a  block  diagram  of  cavity 
dynamics  is  illustrated  in  figure  3. 


(,(. )  s  III  |)hasc  component  ol  c.oitv  cuircnt 
1,(0  H  quadr;iturc  component  of  cavity  current 
=  m-phase  coniponent  of  cavity  voltage 
=  quadrature  component  of  cavity  voltage 
Figure  3.  IfulierIK  le.ib/.iiion  ol  the  b.iseb.ind  complex 
envelope  model. 
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The  impulse  transimpedance  response  with  wq  detuned  from 
the  drive  frequency  is  defined  in  equation  (1). 


Zr(0  = 


Rs 


Zs(t) 
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2Qo  j 
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2Qo  j 
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where, 

r  =  cavity  damping  time  constant  (sec) 
Rs  =  t^vity  shunt  resistance  (ohms) 

=  cavity  unloaded  quality  factor 
Au)  ~  (Ou-wj  H  cavity  detuning  frequency  (rad/scc) 
(Orf  s  cavity  drive  frequency  (rad/scc) 

(Oo  H  cavity  resonant  frequency  (rad/scc). 


The  impulse  transimpcdance  response  in  the  Laplace  do¬ 
main  is 


'I'hc  complex  baseband  cavity  model  requires  that  the 
input  signals  arc  linear,  time-invariant  equations  and  the  ex¬ 
ists  ..  of  their  Laplace  transforms.  Thus,  the  model  can  ac¬ 
curately  simulate  the  effects  of  cavity  detuning  and  finite  Q 
without  being  limited  to  a  small  signal  regime. 

111.  De,si(iN  of  a  real-time  .SIONAL 
PROCESSOR 


/.  Implementing  the  Cavity  Model 

Implementation  of  the  re.s»)nant  cavity  model  is  ob¬ 
tained  through  the  use  of  control  theory.  (\)ntrol  theory 
provides  a  practical  realization  of  the  model  from  a  set  r>f 
equations  that  describe  the  resp»)nse  of  a  system. 


From  basic  principles  in  control  theory,  equation  (2)  is  real¬ 
ized  in  a  modified  controllable  cononical  form  (see  figure  4). 
'I'hc  transfer  function  of  figure  4  is 

uis)  + /IjKVKj  .  ^  ' 

The  primary  reason  for  using  a  modified  controllable 
cononical  realization  is  to  utilize  the  zero  offset  adjustment 
circuitry  which  exists  with  the  multiplication  circuitry  (i.e., 
a*s  and  p’s  coefficients).  Zero  offset  adjustment  circuitry  is 
needed  becau.se  of  the  inherent  offset  problem  associated 
with  transimpcdance  amplifiers.  Another  advantage  of  im¬ 
plementing  a  modified  controllable  cononical  realization  is 
to  increase  the  bandwidth  of  the  realization  by  having  a  gain 
coefficient  (i.e.,  K]  and  K2)  ass(x:iated  with  each  integrator 
(i.e..s-'). 

Note  that  this  realization  only  represents  one  transfer 
function  (i.e.,  Z(  (s)  or  Zs(s)).  Thus,  four  realizations  arc 
needed  to  create  the  baseband  complex  envelope  model  in 
figure  3.  The  controllable  cononical  form  provides  the  foun¬ 
dation  for  the  hardware  realization  (i.e.,  the  real-time  signal 
processor). 

B.  Circuit  Description  of  the  Real-time  Signal  Processor 

The  packaging  format  for  the  real-time  signal  proces¬ 
sor  utilizes  the  VXIbus  standard  |4|.  The  specific  benefits  of 
conforming  to  the  VXIbus  architecture  include  a  concise, 
standardized,  modular  format  with  the  accessibility  of  a  par¬ 
allel  processing  bus,  broadband  analog  bus.  precision  clocks 
and  integrated  power  supplies  with  a  c(M)ling  system  as  stan¬ 
dard  features  of  the  system  architecture.  The  real-time  sig¬ 
nal  proce.siior  is  limited  toa  single-wide  module  illustrated  in 
figure  5. 


A  modular  circuit  layout  minimizes  the  amount  of 
drafting  such  ih.it.  the  VXI  processor  interface  circuitry  is 
created  on  a  sep.ir,ite  d.iughter  board  with  the  dimensions  of 
two  inches  by  five  inches.  The  real-time  signal  proee.ssoreir- 
cuitry  is  constructed  on  an  eight  layer  mother  board.  The  lay¬ 
out  of  the  circuitry'  is  m  five  distinct  parts:  VXI  processor  in¬ 
terface.  signal  conditioning  circuitry,  digital  registers,  the 
multiplying  digital  to  analog  circuitry  and  the  analog  circuit¬ 
ry.  The mterfaceciicuiliy  uses l.rasable  Progiammable Log¬ 
ic  Devices  (EIM  .1  )s)  dial  provide  the  addressing,  liming,  data 
acquisiiionmg,  slaiusand  coiurol  of  ihe  real-time  signal  pro¬ 
cessor.  Digital  multiplication  cocllicienis  .nc  down-loaded 
into  .separate  registers  by  implementing  Fl’l.Ds.  This  allows 
the  ability  to  remotely  eonliol  the  poles  .aid  the  zeros  ol  the 
realization.  1  01  es.imple.  the  dai.i  I'lom  the  output  registers 


Figure  4.  Block  duigr.im  ol  a  modified  controll.tble 
cononical  realization. 
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of  the  EPLDsare  the  digital  inputs  for  the  digital-analog  (I)/ 
A)  multipliers  which  corresponds  to  the  a  and  p  coefficients 
shown  in  figure  4.  ITie  analog  circuitry  consists  of  the  sum¬ 
mers  (i.e.,  Z)  and  the  integrators  (i.e..  s'’). 

IV  Results 

In  the  previous  sections,  a  mathematical  realization  and 
a  practical  realization  (i.e.,  real-time  signal  processor)  of  a 
resonant  cavity  system  were  developed.  This  section  illus¬ 
trates  the  simulations  of  both  the  mathematical  rcali7.ation 
and  the  hardware  realization  in  a  manner  which  allows  direct 
comparison  of  the  results. 

Numerical  simulations  of  the  model  were  achieved  by 
using  a  control  system  software  package,  MA'I'RlXx  •  'Ilte 
following  results  simulate  an  RF  cavity  with  the  following  as¬ 
sumptions:  Q=10k,  R,*=50n,  (i)d  =  425MHz  and 

0)11= 425.04MHz. 


Figure  6.  Computer  simulations  of  a  cavity  operating  oft 
resonance  with  the  effects  of  a  beam 

The  hardware  simulations  were  achieved  by  loading  the 
appropriate  coefficients  into  the  multiplying  U/As  and  .simu¬ 
lating  the  inputs  with  function  generators.  The  results  ol  the 
hardware  simulations  are  illustrated  in  figure  7. 


('avity  Field  In-phasc  Cavity  Field  Quadrature 


Refl.  Signal  In-phase  Refl.  Signal  Quadrature 


Figure  7.  Hardware  simulations  of  a  cavity  operating  off 
rc.sonance  with  the  effects  of  a  beam 

V.  Conclusion 

The  development  of  a  real-time  signal  processor  to 
simulate  a  resonant  cavity  ^.stem  which  included  the  effects 
of  beam  coupling  and  input  coupling  was  successful,  'llte  re¬ 
sults  clearly  illu.strate  that  there  are  direct  similarities  be¬ 
tween  computer  generated  res|)onses  and  hardware  gener¬ 
ated  responses,  litis  accomplishes  a  primary  goal;  however, 
further  analysis  needs  to  be  proformed  that  will  provide  data 
on  the  comparison  between  the  response  of  an  actual  accel¬ 
erator  and  the  response  of  the  real-time  signal  processor. 
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Modeling  of  a  1700-MHz  Cluster  Cavity  of  Planar  Triodes* 
Daniel  E.  Rees  and  Carl  Friedrichs 
Los  Alamos  National  Laboratory 


Abstract 

In  this  paper  wo  present  the  modeling  and  design  of  a 
17(X)-MHz  cluster-cavity  vacuum  tube  amplifier.  We  used  a 
three-dimensional,  finite-difference  code  (MAFIA)  to 
characterize  the  modes  that  the  resonant  structure  of  the 
amplifier  will  support.  We  describe  the  characteristics  of  the 
tube,  including  performance  predictions. 

I.  INTRODUCTION 

As  frequency  increases  into  the  microwave  region,  the 
maximum  power  output  of  gridded  tubes  decreases. 
Combining  several  amplifiers  is  often  necessary  to  achieve 
medium  power  (20  -  50  kW).  A  typical  method  is  to  use  one 
or  more  external  combiners;  an  alternate  approach  is  to  use  a 
cluster  cavity.  In  a  cluster  cavity,  a  number  of  gridded  tubes 
arc  combined  in  a  single  resonant  structure.  As  the  number 
of  tubes  in  the  cavity  increases,  the  resonant  structure  must  be 
enlarged;  this  may  cause  the  circumference  to  become 
comparable  with  multiples  of  the  design  wavelength.  For 
this  reason  higher-order  modes  must  be  characterized  to 
determine  which  is  appropriate  for  amplifier  design  and  to 
ensure  that  undesirable  modes  are  avoided.  We  us^  a  three- 
dimensional,  finite-difference  code  (MAFIA)  to  characterize 
the  modes  that  the  structure  would  support  and  to  modify  the 
cavity  design  in  order  to  select  the  desir^  mode. 

II.  Cluster  Cavity 
A.  Mechanical  Description 

We  will  consider  the  feasibility  of  a  resonant  structure  that 
supports  a  combination  of  4  planar  triodes  without  external 
combiners.  Only  the  output  resonator  will  be  described.  The 
input  structure  will  be  similar  in  mechanical  design;  however, 
it  will  be  dimensionally  different  to  allow  for  a  different 
impedance  transformation.  Figure  I  is  a  mechanical  drawing 
of  the  output  resonator.  It  consists  of  four  rectangular 
waveguide  sections,  all  feeding  into  a  coaxial  section.  A 
direct  tap  to  the  center  conductor  of  the  coaxial  section 
couples  power  out  of  the  resonator.  Four  gridded  tubes  arc 
located  approximately  a  quarter  guide  wavelength  from  the  end 
wall  of  each  waveguide  section.  The  end  wall  is  adjustable  in 
position,  to  allow  each  tube  to  be  independently  loaded.  The 
tubes  are  operated  common  grid  with  a  DC  anode  voltage  of 
approximately  6  kV.  An  RF  contact  connects  the  grid  to  the 
bottom  surface  of  the  waveguide,  and  a  "sandwich"  capacitor 
isolates  the  DC  bias  of  the  anode  and  provides  a  low  RF 
impeiiaricc  bypass  between  the  anode  and  the  upper  surface  of 
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Figure  1.  Cluster-cavity  output  resonator. 

the  waveguide.  The  sandwich  capacitor  is  analyzed  as  a  radial 
mode  structure  whose  radius  is  adjusted  to  present  an  RF  short 
between  the  bias  surface  and  top  wall  of  the  guide. 

Past  designs  for  cluster-cavity  amplifiers  have  attempted 
to  symmetrically  populate  cylindrical  cavities  with  a  number 
of  planar  triodes.  These  designs  have  experienced  difficulties 
presenting  uniform  loading  to  tubes  in  the  cluster  and 
providing  independent  adjustment  to  the  loading  of  individual 
tubes.  The  design  we  describe  locates  the  planar  ulodes  in 
sections  of  rectangular  waveguide  with  movable  end  walls  that 
provide  each  tube  with  an  independent  loading  adjusunent.  In 
addition,  the  waveguide  sections  help  to  increase  the 
resonant  frequency  of  the  dipole  and  quadrapole  modes  (which 
cause  non  uniform  loading)  with  respect  to  a  cylindrical 
structure  of  comparable  size. 

B.  Analysis  of  Modes  in  the  Cavity  Structure 

As  illustrated  in  Figure  1,  the  output  resonator  is  quite 
large  compared  to  a  wavelength  at  1700  MHz  (approximately 
6.95  inches);  for  this  reason,  it  is  necessary  to  determine  the 
modes  that  the  resonator  will  support.  The  mode  selected 
must  be  symmetric  in  each  arm  of  waveguide  cross.  An 
axially  asymmetric  mode  at  the  frequency  of  operation  would 
result  in  uneven  loading  of  the  planar  triodes.  If  the 
intersection  of  adjacent  waveguide  sections  is  examined,  it  is 
seen  that  the  perimeter  of  the  square  containing  all  points  of 
intersection  is  more  than  one  wavelength  at  1700  MHz;  thus, 
the  sU’ucture  will  support  axially  asymmeuic  modes.  The 
width  of  the  rectangular  waveguide  is  selected  such  that  only 
the  lowest-order  mode  (TEIO  mode)  is  supported  by  the  guide. 
The  selected  circumference  for  the  coaxii  section  is  less  than 
a  wavelength,  to  ensure  that  higher-order  coaxial  modes  are 


noi  present;  however,  the  length  of  the  coaxial  section  is  not 
sufficient  to  suppress  axially  asymmetric  modes  in  the 
waveguide  cross. 

The  composite  structure  is  analyzed  using  the  three- 
dimensional  electromagnetic  code  MAFIA  [1].  MAFIA 
produces  a  set  of  finite-difference  equations  for  the  electric  and 
magnetic  field  vectors  of  the  three-dimensional  structure,  the 
solution  of  which  yields  the  frequency  domain  solution  of 
Maxwell's  equations.  The  output  resonator  geometry  for  the 
MAFIA  simulation  is  shown  in  Figure  2.  Note,  that  the 
structure  shown  in  this  figure  and  in  Figures  3  and  4 
illustrates  the  effect  of  the  mesh  quantization  on  the  original 
structure.  This  is  especially  apparent  in  the  simulation  of 
circles  where  MAFIA  distorts  the  circular  form.  The 
distortion  can  be  corrected  by  increasing  the  number  of  mesh 
points  (but  this  requires  additional  computer  time).  The 
quantization  level  of  Figure  2  is  considered  sufficient  for 
understanding  the  modes  the  output  resonator  will  support. 


Figure  2.  MAFIA  plot  of  output  resonator  geometry. 


Two  outputs  from  the  MAFIA  simulation  are  depicted  in 
Figures  3  and  4.  These  outputs  represent  the  desired  mode  of 
operation  at  1700  MHz  and  the  nearest  axially  asymmetric 
mode  at  1807  MHz.  The  plots  lie  along  a  plane  dividing  the 
top  and  bottom  of  the  waveguide  cross  and  illustrate  E  field 
vectors  in  and  out  of  the  plot.  On  the  basis  of  Figures  3  and 
4,  the  output  resonator  provides  axial  symmetry  at  1700 
MHz,  which  maintains  uniform  triode  loading  in  each  arm  of 
the  waveguide  section,  and  the  cutoff  frequency  of  the  closest 
asymmetric  mode  is  sufficiently  removed  from  the  operating 
frequency  that  no  design  complications  arise. 

C.  Tube  Selection  and  Characteristics 

At  1700  MHz,  the  only  gridded  tubes  available  are  planar 
triodcs.  The  tube  we  selected  is  the  YU-176  F.IMAC  planar 
iriodc,  designed  for  use  at  up  to  2  GHz.  This  tube  requires 
less  than  25  W  of  heater  power  and  can  operate  at  a  DC  plate 
voltage  (grid  pulsed)  of  up  to  10  kV.  For  2-msec  pulses  at  a 
10-Hz  rate,  the  cathode  can  support  a  DC  plate  current  during 
the  pulse  of  2  A.  The  cluster-cavity  amplifier  will  be 
operated  class  AB  with  the  grid  grounded  and  cathode  pulsed 
(equivalent  to  grid  pulsed).  By  pulsing  the  cathode  voltage, 
the  tubes  can  be  biased  class  A  or  class  AB  during  the  RF 
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Figure  3.  MAFIA  electric  field  plot  of  desired  mode  of 
operation. 


Figure  4.  MAFIA  plot  of  closest  asymmetric  mode. 


pulse,  and  avoid  the  quiescent  current  during  the  interpulse 
period  normally  associated  with  these  classes  of  operation. 
The  operating  characteristics  for  the  YU- 176  tubes  are  given 
in  Table  1. 


Table  1 

YU- 176  Operating  Characteristics 


DC  Plate  Voltage 

8000.0  VOLTS 

DC  Cathode  Bias 

60.0  VOLTS 

EXT  Plate  Current 

2.626  AMPS 

DC  Grid  Current 

0.146  AMPS. 

DC  Cathode  Current 

2.772  AMPS 

Fundamental  Peak  Plate  Current 

4.535  AMPS. 

2nd  Harmonic  Peak  Plate  Current 

2.827  AMPS 

3rd  Harmonic  Peak  Plate  Current 

1.079  AMPS. 

FundamentalPeak  Cathode  Current 

4.811  AMPS 

Peak  Plate  Swing 

3000.0  VOLTS 

Output  Power 

6802.9  WATTS 
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Table  1 
Continued 


III.  CONCLUSION 


RF  Plate  Load 

662.0  OHMS 

Peak  Cathodes  wing 

80.0  VOLTS 

Drive  Power 

192.4  WATTS 

RF  Cathode  Input  Resistance 

16.6  OHMS 

Plate  Dissipation 

14531.0  WATTS 

Grid  Dissipation 

2.0  WATTS 

These  characteristics  provide  a  combined  power  in  excess  of 
25  kW  with  an  efficiency  of  approximately  30  percent. 

D.  Model  of  Resonant  Structure 

The  resonant  structure  is  modeled  as  a  series  of  coaxial, 
radial,  and  waveguide  transmission  lines.  The  position  of  the 
coupling  point  relative  to  the  center  of  the  structure  is 
calculated  to  provide  an  impedance  transformation  from  50 
O  to  662  Q  in  the  output  resonator  and  16.6  Q  in  the  input 
resonator.  The  position  of  the  adjustable-length  short  is 
calculated  to  cancel  the  reactive  portion  of  the  impedance  at 
the  coupling  point.  The  resulting  response  of  the  output 
resonator  is  presented  in  Figure  5. 


A  number  of  planar  triodes  can  be  combined  in  a  resonant 
structure  to  increase  the  power  level  of  vacuum  tube 
amplifiers  at  high  frequencies,  resulting  in  a  low-cost  source 
of  RF  for  medium-power  applications. 
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Figure  5.  Calculated  phase  and  amplitude  response  of  output 
resonator. 
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Prototype  500  MHz  Planar  RF  Input  Window 


for  a  B -Factory  Accelerating  Cavity* 


J.  Kirchgessner,  P.  Barnes,  R.  Gerlack  t,  D.  Moffat, 
H.  Padamsee,  D.  Rubin,  and  Q.  S.  Shu 
Cornell  University,  Laboratory  of  Nuclear  Studies 
Ithaca,  New  York  14853 


INTRODUCTION 

The  Laboratory  of  Nuclear  Studies  is  proposiri!>  an  upgrade 
to  the  existing  CESR  electron  positron  storage  ring  to  make 
possible  the  study  of  CP  violation  of  B  meson  decays.  This 
"B-Factory",  because  of  the  required  luminosity  and  the 
resultant  high  beam  current,  will  require  very  high  RF  power 
levels  to  replace  the  synchrotron  radiation  and  the  HOM 
(higher  order  mode)  energy  losses  of  the  beams. 

The  proposed  design  at  this  timel‘ii^>  would  require  16 
superconducting  cavity  structures,  each  with  an  RF  input 
power  of  approximately  400  Kilowatts  at  SOO  MHz. 

Design  Requirements 

This  power  level  for  a  cavity  window  is  rather  high  by 
present  day  sta.ndards.  Klystrons  commonly  in  use  at  this  time 
have  achieved  above  this  power  level  using  coaxial  RF 
vacuum  windows  in  this  frequency  range.  These  windows,  in 
spite  of  their  reliability  in  Klystrons,  have  not  been  shown  to 
be  easily  adapted  to  application  on  accelerating  cavities.  The 
reasons  for  this  are  as  follows;  1)  the  vacuum  in  Klystrons  is 
usually  better  than  in  accelerating  cavities.  2)  exueme  care  is 
taken  with  Klystrons  to  assure  that  there  is  very  low  reflected 
power  back  to  the  Klystron  and  therefore  no  standing  waves  at 
the  window,  and  3)  in  a  cavity  there  may  be  present  HOM 
power  that  alters  the  magnetic  and  electric  fields  present  at  the 
window,  possibly  exciting  some  high  frequency  resonances 
associated  with  the  window  structure. 

In  an  accelerating  cavity  and  in  particular  in  a 
superconducting  accelerating  cavity,  with  heavy  beam  loading, 
the  input  coupling  is  usually  adjusted  to  be  critical  (P=l),  that 
is,  with  no  reflected  power  at  full  beam  conditions.  In  the 
situation  of  zero  beam  current  the  input  is  ovcrcouplcd  and 
therefore,  in  the  case  of  superconducting  structures,  essentially 
all  of  the  input  power  is  reflected.  This  assumes  that  the 
coupling  cannot  be  dynamically  adjusted.  This  condition  of 
high  reflected  power  cannot  be  avoided  because  there  exists  the 
time  before  the  beam  in  injected  as  well  as  the  lime  after  the 
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beam  has  been  lost.  In  other  words,  the  incident  power  level 
can  be  conu-olled  but  the  fraction  of  this  power  to  be  reflected 
will  be  determined  by  p  which  is  determined  by  Ql  of  the 
cavity  for  fixed  coupling.  The  value  of  Ql  is  determined  by  the 
Qo  of  the  cavity  (very  high  in  the  case  of  a  superconducting 
cavity)  and  the  beam  loading.  In  the  case  of  the  B-Factory 
cavity  the  curve  of  possible  Pr  (power  reflected)  versus  Pi 
(incident  power)  is  shown  in  figure  1.  In  this  curve,  any  input 
power  level  above  125  Kwatts  would  maintain  the  cavity 
voltage  and  would  bo  capable  of  maintaining  increasing 
amounts  of  accelerated  beam  currents.  The  curve  assumes  that 
the  coupling  has  been  set  to  P=1  corresponding  to  input  power 
of  500  Kwatts. 


Figure  1 

The  other  requirement  is  that  the  VSWR  of  the  window  be 
low  in  order  to  avoid  loss  of  incident  power  and  to  prevent 
window  damage  due  to  heating  or  arcing  because  of  excessive 
current  or  voltage  at  the  required  incident  power  level  of  500 
Kwatts. 

One  feature  of  the  requirements  is  as  follows.  The 
reflection  of  the  power  from  the  cavity  due  to  a  coupling 
mismatch  (P^^l)  comes  from  a  fixed  reflection  point,  probably 
the  coupling  iris.  This  means  that  the  VSWR  phase  pattern  is 
spatially  fixed  in  the  input  waveguide.  Knowing  where  the 
voltage  maximums  and  ''.e  current  maximums  are  located 
along  the  waveguide,  window  can  be  placed  at  the  most 
advanuigeous  position  oi  phase  for  its  survival. 
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WINDOW  Design 

Several  coaxial  windows  are  in  use  on  superconducting 
cavities  at  this  frequency  up  to  power  levels  of  200  Kwatts.  To 
accommodate  the  higher  power  levels,  it  was  decided  to 
investigate  the  feasibility  of  a  planar  waveguide  vacuum 
window. 

Several  qualified  commercial  manufacturers  were  requested 
to  propose  a  design  which  they  felt  would  meet  our 
requirements  and  which  they  could  economically  produce.  Two 
proposals  were  satisfactory  and  the  proposal  of  Gamma 
Microwavel^l  was  chosen  for  development.  The  window  that 
they  designed  incorporates  the  following  features; 

•WRISOO  Planar  Waveguide  window. 

•Beryllium  Oxide  ceramic. 

•All  metal  parts  are  copper  or  Stainless,  no  Kovar. 

•The  Ceramic  is  brazed  directly  to  Copper. 

•The  window  has  anti  multipacting  coating. 

•The  unit  is  water  cooled. 

•The  unit  is  compatible  with  vacuum  baking. 

•The  unit  will  have  low  VSWR  over  sufficient  bandwidth. 

•The  vacuum  side  is  reduced  height  WRISOO. 

•The  window  uses  3  small  ceramic  disks. 

A  drawing  of  the  window  is  shown  in  figure  2.  In  the  process 
of  the  detailed  electrical  design,  GAMMA  used  1  Mwatt 
traveling  wave  as  the  design  objective. 

Matching 


The  responsibility  for  high  power  testing  of  the  window 
was  left  to  Cornell.  While  it  would  have  been  desirable  to  have 
purchased  a  tested  window  with  guaranteed  performance,  the 
cost  would  have  been  much  higher  for  two  reasons;  1)  the 
manufacturer  would  have  had  to  purchase  and  operate  a  high 
power  transmitter  facility  and  2)  exua  contingency  would  have 
been  placed  in  the  price  to  cover  the  risk  involved  in 
guaranteed  performance. 


GAMMA  Microwave,  Santa  Clara,CA  95054 


In  order  to  be  able  to  test  the  window  design  at  full  power 
under  vacuum,  two  windows  were  required.  If  two  windows 
were  not  available,  then  the  high  power  load  would  be  required 
to  operate  in  a  vacuum  (as  docs  the  final  cavity  with  beam 
current). 

Low  POWER  Measurements 

Low  power  measurements  were  made  using  a  Network 
Analyzer,  a  WRISOO  full  height  to  half  height  taper  and 
WRISOO  to  type  N  adapters.  Measurements  were  made  of 
VSWR,  transmission,  and  phase  shift  of  each  window  as  a 
function  of  frequency.  The  results  are  shown  in  the  following 
graphs;  figure  3A  -  VSWR,  figure  3B  -  power  transmission, 
figure  3C  -  Phase  shift  through  the  window  and  a  taper,  and 
figure  3D  -  the  calculated  electrical  length  of  the  window,  all 
versus  frequency. 


FIGURE  3A 


Figure  3b 
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With  the  available  220  watts  of  input  power,  the  resonant 
circulating  power  at  the  window  was  26.8  Kwatts,  13.4 
Kwatts  in  each  direction. 

The  other  two  high  power  tests  will  include  both  windows 
and  a  high  power  transmitter  consisting  of  a  500  Kwatt 
Klystron,  a  high  power  circulator  and  a  500  Kwatt  high  power 
RF  load..  These  500  Kwatt  tests  have  not  yet  been  completed. 

The  first  of  these  tests,  as  shown  in  figure  5,  will  subject 
the  window  to  full  transmitted  power  .  In  this  test  we  will 
determine  the  capability  of  the  window  to  operate  at  500 
Kwatts  transmitted  power  corresponding  to  the  full  beam 
condition. 

The  second  test,  as  shown  in  figure  6,  will  test  the  ability 
of  the  window  to  operate  at  high  VSWR.  We  will  be  able  to 
vary  the  phase  of  the  standing  wave  pattern  relative  to  the 
ceramic  in  order  to  determine  the  best  place  to  locate  the 
window  relative  to  the  cavity.  This  test  will  determine  the 
capability  of  tlic  window  to  operate  at  low  or  zero  beam 
current  conditions. 


FIGURE  3D 

As  can  be  seen  the  VSWR  was  less  1:1.05  over  ±  5  MHz, 
there  was  no  measurable  transmission  loss,  and  the  phase  shift 
was  a  smooth  function  of  frequency. 

HIGH  POWER  Measurements 
In  order  to  determine  the  capability  of  the  windows  to 
operate  at  the  500  Kwatt  power  level  a  scries  of  three  tests 
were  planned.  The  first  test  is  a  medium  power  test  with  a 
single  window  used  as  part  of  a  resonant  waveguide.  This  test 
was  done  primarily  because  of  its  simplicity,  because  it  could 
be  done  before  the  second  wiiidow  was  delivered,  and  because 
the  test  could  be  done  with  a  200  watt  amplifier  instead  of  the 
500  Kwatt  transmitter.  The  test  set  up  is  shown  in  figure  4. 


FIGURE  6 
RESULTS 

The  test  as  described  in  figure  4  was  completed.  The 
circulating  power  in  the  resonant  waveguide  was  measured  to 
be  13.4  Kwatts  in  each  direction,  or  26.8  Kwatt  total.  The 
maximum  temperature  rise  of  the  window  cooling  water  was 
less  than  3  degrees  C.  The  vacuum  base  pressure  before  the 
test  was  6  x  10'^  torr.  During  the  test  the  maximum  measured 
pressure  was  7  x  10'^  lorr. 

Some  temperature  rise  was  observed  in  the  hollow 
matching  posts  or  tubes  on  each  side  of  the  ceramic.  During 
this  lest  the  posts  were  near  a  current  maximum.  For  the  500 
Kwatt  tests,  these  lubes  will  be  cooled  with  circulating  water. 
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Abstract 

A  high  level  RF  system,  including  a  power  amplifier 
and  cavity,  has  been  designed  and  built  for  the  AGS 
Booster,  It  covers  a  frequency  range  of  2.4  to  4.2  MHz  and 
will  be  used  to  accelerate  high  intensity  protons,  low  inten¬ 
sity  polarized  protons  and  heavy  ions,  to  the  1.5  GeV  level. 
A  total  accelerating  voltage  of  up  to  90  kV  will  be  provided 
by  two  cavities,  each  having  two  gaps.  The  internally  cross- 
coupled,  pushpull  cavities  are  driven  by  an  adjacently 
located  power  amplifier.  In  order  to  accommodate  beam 
intensities  up  to  0.75  x  10^^  protons  per  bimch,  a  low  plate 
resistance  power  tetrode  is  used.  The  tr.oe  anc  *40  IS  nidg" 
netically  coupled  to  one  of  the  cavii/^  two  parallel  cells. 
The  amplifier  is  a  grounded  cathode  configuration  driven 
by  a  remotely  located  solid-state  amplifier.  It  has  been 
tested  in  the  laboratory  at  full  gap  voltage  with  satisfactory 
results. 

Introduction 

The  AGS  Booster  has  two  RF  systems  covering  a 
frequency  range  from  600  kHz  to  4.2MHz.  The  range  of 
the  low  frequency  system  is  600  kHz  to  2.4  MHz,  and  will 
be  used  for  heavy  ions.  The  range  of  the  high  frequency 
system  is  2.4  to  4.2  MHz,  and  will  be  used  to  accelerate 
heavy  ions,  polarized  and  nonpolarized  protons. 

The  high  frequency  system  will  be  required  to 
function  with  widely  different  gap  voltage  ranges,  and  from 
essentially  no  beam  loading  to  proton  beam  intensities  as 
high  as  0.5  x  10^^  protons  per  bunch.  However  it  has  been 
conservatively  designed  for  beam  intensities  as  high  as  0.75 
X 10^^  protons  per  bunch. 

This  paper  will  describe  the  high  frequency  system, 
also  known  as  the  Band  111  system.  The  low  frequency 
system  is  discussed  in  a  separate  paper,  also  included  in 
these  proceedings. 

RF  System  Configuration  and  Parameters 

The  system  requirements  for  high  intensity  proton 
beams  determine,  for  the  most  part,  the  system 

*Work  performed  under  the  auspices  of  the  U.S.  Depart¬ 
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configuration  and  parameters.  Table  I  is  a  tabulation  of 
requirements  for  protons,  and  also  two  extremes  from  a 
light  ion  to  a  heavy  ion,  sulphur  to  gold  respectively. 


Table  1 


P 

s*'* 

> 

RF  Amplitude 
injection 
ejection 
•t  mnx.  nccel. 
Hnrmonic  Number 

«  LV 
S3kV 
OOkV 

3 

<  17  kV 

<  17  kV 

3 

<  17  IV 
<17  kV 

3 

RF  Frequency 
injection 

ejection 

2  S  MHi 

A  11  KfHi 

3  89  MHz 

3  06  MHt 

Phnae  Spue  Aren/A 

l.SeV.» 

0  0707  eV-a 

0  0707  eV.a 

Intensity 
(per  bunch) 

0  S  X  lO” 

SX  10* 

l.l  X  10* 

Total  Gap  Impedance 
(f^  <»  d.l  MHt) 

<  24  in 

Acceleration  Time 

62  ms 

<07a 

<0.7  8 

Peak  Beam  Power 
Delivered  m>  Beam 

184  kW 

lOlW 

0.4  kW 

MaYimum  B 

5.5  T/a 

1.5  T/a 

<  3  5  T/a 

<  0.15  T/a 

<  3  5  T/a 

<  0.15  T/a 

To  achieve  the  above  requirements,  a  practical  set 
of  parameters  were  developed.  These  parameters  take  into 
consideration  such  aspects  as  beam  loading,  realizable 
high  voltage  designs,  limited  selection  of  commercially 
availab'e  electron  tubes  and  ««gh  power  components,  and 
the  h  .luted  space  available  in  the  Booster  tunnel.  Further¬ 
more.  the  shunt  impedance  will  satisfy  the  Robinson 
Critf  ion  for  open  loop  operation.^ 

The  system  parameters  aie  tabulated  in  Table  II. 

Table  II 

Number  of  RF  Cavities  2 

Number  of  Accelerating  Gaps  4 

Peak  RF  Voltage  per  Gap  22.5  kV 

Peak  RF  Power  per  Cavity  264  kW  peak 
(180  kW  rms  nominal) 

Frequency  Range  2.4  to  4.2MHz 

Duty  Cycle  50%  Maximum 

Output  Impedance  6000  Ohms 

Number  of  Power  Amplifiers  2 
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Cavity 


The  accelerating  cavity  is  pushpull,  two  gap,  and 
ferrite  loaded.  It  is  driven  single-ended  but  is  cross 
coupled  to  provide  for  pushpull  operation.  It  is  bias  tuned 
to  change  frequency.  It  is  physically  located  above  and 
directly  coupled  to  the  RF  power  amplifier.  Sec  Figure  1. 


Fig.  1.  Schematic  Diagram  of  Band  III  Power  Amplifier 
and  Cavity. 

To  keep  the  gap  voltage  at  a  reasonable  level,  and 
keep  the  RF  flux  density,  and  in  turn,  ferrite  losses  man¬ 
ageable,  the  Band  III  cavity  was  designed  to  have  two 
pushpull  cells.  The  maximum  RF  voltage  per  gap  is  22.5 
kV  peak.  These  cells  are  connected  in  parallel.  The  cawty 
is  coupled  to  the  power  amplifier  in  a  single-ended  fashion 
to  just  one  cell.  The  two  ferrite  stacks  in  each  cell  arc  cross 
coupled  internally  with  figure-of-eight  windings,  essentially 
causing  the  cavity  to  operate  as  a  balanced  1:2  step-up 
transformer.^ 

The  design  of  the  cavity  is  ultimately  determined  by 
the  choice  of  ferrite.  The  material  found  best  suited  to  the 
application  is  be  Philips  4M2.  The  study  of  ferrite  samples 
included  measurements  of  permeability,  dissipation,  insta¬ 
bilities,  and  other  possible  anomalies.^ 

The  cavity  design  requires  56  rings  total  or  14  per 
stack.  Each  ring  measures  50  cm  O.D.  by  25  cm  I.D.  by 
2.72  cm  thick.  With  a  gap  capacitance  of  350  pf  per  gap 
(chosen  for  a  desired  transient  response  and  tuning  servo 
bandwidth),  the  permeability  ranges  from  118  with  a  dc 
bias  of  100  amperes  at  2.4  MHz,  down  to  38.7  with  a  dc 
bias  of  900  amperes  at  4.2  MHz. 

The  ferrite  dissipation  is  manageable  with  water 
cooling  provided  by  copper  cooling  plates  between  each 
ferrite  ring.  Across  the  passband  the  peak  dissipation 
varies  from  about  0.2  watt/cm^  statically  to  0.325  watt/cm^ 
dynamically(fcrritc  losses  are  sweep  rate  dependent), 
corresponding  to  total  peak  power  levels  of  40  kW  to  73 
kW,  respectively. 


The  Booster  ring  will  be  operated  at  ultrahigh 
vacuum  and  will  require  that  the  vacuum  chambers, 
including  the  cavity,  be  baked  at  200°  C.  The  cavity  beam 
pipes  have  built-in  electric  heating  elements  and  thermo¬ 
couples. 

The  ferrite  stacks  are  dc  biased  from  a  single  turn 
winding.  The  outer  can,  beam  pipe,  and  gap  connecting 
busswork  form  the  bias  winding.  Because  the  two  cavity 
cells  are  effectively  in  series  with  the  dc  bias,  but  in  parallel 
for  the  RF  drive,  there  is  cancellation  of  RF  on  the  dc  bias 
leads  to  the  cavity.  Additional  filtering  is  provided  by  a 
bifilar  choke  inserted  into  the  external  bias  leads  at  the 
cavity. 

A  Band  III  power  amplifier  and  cavity  is  shown 
installed  in  the  Booster  in  Figure  2. 


Fig.  2.  Band  III  Power  Amplifier  and  Cavity. 

Power  Amplifier 

The  Band  Ill  power  amplifier  design  was  bounded 
by  a  number  of  constraints.  Some  of  the  more  important  of 
these  include  power  output  requirements,  Robinson 
Stability  Criterion,  and  physical  size.^ 
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At  maximum  acceleration,  90  kV  peak  total  accel¬ 
erating  voltage,  the  total  output  power  required  is  about 
180  kW  rms.  The  amplifier  was  designed  to  deliver  over 
200kWrms.  ' 

Power  tube  selection  and  amplifier  configuration 
require  careful  consideration.  Since  the  shunt  impedance 
is  low,  the  likely  tube  choice  would  be  triodes.  However,  it 
was  found  that  a  large  power  tetrode  (the  EIMAC 
4CM300,000G),  could  provide  an  average  plate  resistance 
of  less  than  500  ohms,  providing  a  margin  of  safety.  A 
grounded  cathode  tetrode  also  simplifies  the  circuit  and  is 
able  to  meet  the  physical  space  limitations. 

The  power  tube  operates  class  ABj.  Because  of  the 
1:2  step-up  at  the  cavity,  it  is  necessary  for  the  anode  to 
swing  only  11.25  kV.  The  dc  anode  voltage  is  14.5  kV  with 
a  peak  plate  current  of  65  amperes  and  a  short-term 
average  of  24  amperes.  The  screen  voltage  is  1.1  kVdc  with 
an  average  current  of  about  0.5  amperes.  The  control  grid 
bias  voltage  is  -300  Vdc  and  the  RF  drive  voltage  is  about 
280  V  peak. 

The  output  circuit  of  the  stage  is  simplified  by 
bringing  the  anode  voltage  lead  through  the  cavity  for 
decoupling  as  well  as  RF  coupling  to  the  cavity.  The  need 
for  blocking  capacitors  and  a  broadband  RF  choke  arc 
eliminated. 

A  broadband  low  pass  filter  terminated  in  50  ohms 
is  used  to  accommodate  a  high  input  capacitance  as  well  as 
provide  a  standard  impedance  for  the  driver  stage.  A  small 
amount  of  neutralization  is  required  and  is  provided  by  a 
neutralizing  capacitor  coupled  from  the  control  grid  to  the 
180®  out-of-phase  half  of  the  cavity. 

The  driver  stage  is  a  pair  of  ENI 500  watt  solid-state 
broadband  linear  amplifiers  summed  wth  a  high  power 
combiner.  These  amplifiers  arc  remotely  located  from  the 
Booster  ring  to  avoid  of  possible  radiation  damage. 

Cavity  Tuning  System 

Tuning  is  accomplished  by  varying  the  cavity  ferrite 
saturating  bias  current  in  response  to  two  signals.  The  first 
of  these  is  generated  by  an  open  loop  program  obtained 
from  a  function  generator  which  is  driven  by  a  frequcncy- 
to-voltage  converter.  The  second  is  the  output  of  a  phase 
detector  which  compares  the  phases  of  the  output  stage 
grid  and  plate  voltages.  Together  they  regulate  the  cavity 
tuning  to  within  -t-/-10  degrees  of  resonance  at  all  gap 
voltages  up  to  22.5  kV  peak. 

The  coarse  tuning  open  loop  program  is  used  to 
generate  a  function  that  will  closely  follow  the  cavity’s 
static  tuning  curve.  Added  to  this  function  is  a  function 
that  is  rate  sensitive,  and  roughly  corrects  for  the  anomal¬ 
ous  response  of  the  ferrite  to  df/dt. 

As  the  RF  drive  is  swept  across  the  passband  from 
2.4  to  4.2  MHz,  a  transistor  bank  adjusts  the  bias  current 
from  100  amperes  to  900  amperes  without  beam  loading. 


With  beam  loading  at  rated  Booster  beam  intensities,  the 
detuning  effect  of  the  quadrature  component  of  the  beam 
current  is  small.  The  estimated  increase  of  tuning  current 
at  injection  is  about  22  amperes,  and  33  amperes  at  extrac¬ 
tion.  The  system  can  deliver  up  to  1200  amperes.'* 

An  important  consideration  in  the  servo  design  is 
the  response  to  beam  induced  transients  and  detuning. 
Tuning  servo  frequency  response  is  sensitive  to  the  tuning 
bias  current  level.  At  injection  the  closed  loop  bandwidth 
is  estimate  to  be  about  15  kHz.  For  tuning  currents  up  to 
750  amperes  the  bandwidth  is  estimated  to  be  10  kHz.  At 
900  amperes  it  is  approximately  7  kHz. 

Status 

The  commissioning  of  two  completely  tested  sys¬ 
tems  with  a  proton  beam  is  scheduled  for  late  spring  1991. 
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Abstract 

AmPS  (Amsterdam  Pulse  Stretcher)  is  a  900  MeV  electron 
stretcher  and  storage  ring.  Its  installation  started  early  1991. 
To  compensate  for  the  synchrotron  radiation  losses  and  to 
control  the  injection  and  extraction  process  in  the  ring  a  CW 
RF  source  will  be  installed.  The  source  will  operate  at  2856 
MHz.  This  frequency  has  been  chosen  to  ensure  optimal  beam 
capture  of  the  injected  beam  from  the  linac  which  has  a  2856 
MHz  bunch  structure.  The  RF  cavity  in  the  ring  is  a  40  cm 
long  slow  wave  structure.  It  is  presently  manufactured  by 
Haimson  Research  Corporation.  The  filling  time  of  the 
structure  is  22  nsec.  During  the  3-turn  injection  and  the 
directly  consecutive  extraction  cycle,  fast  amplitude  and  phase 
modulation  will  be  applied  to  obtain  maximum  injection  and 
extraction  efficiency.  TTie  required  RF  cavity  input  power  is  30 
kW  for  a  ciculating  beam  of  900  MeV  and  200  mA.  This 
power  will  be  delivered  by  a  commercially  available  50  kW 
CW  klystron  (Thomson).  The  source  will  either  operate  in 
linear-  or  saturated  mode. 

INTRODUCTION 

To  obtain  electron  beams  with  a  high  duty  factor  a  stretcher 
ring  will  be  added  to  the  existing  Medium  Energy  Accelerator 
(MEA).  The  ring  will  operate  at  energies  between  250-900 
MeV  and  with  circulating  currents  up  to  200  mA  (ref.[l]) 

MEA  has  been  upgraded  for  this  energy  range  by  modifying 
the  modulators  and  installing  new  klysuons  to  obtain  higher 
RF  peak  power  (lOMW)  during  shorter  pulsewidth  (3.5tis). 
(refl2]).  Tlie  injector  is  modified  to  deliver  2.1  tts  pulses  of  80 
mA  for  the  3-tum  injection. 

RF  related  specifications  of  the  stretcher  ring: 


Energy  range 

E 

[MeV] 

300-900 

Circulating  cunent 

Ib 

[mA] 

200 

Energy  spread  bucket 

5 

[%] 

±0.1 

Frequency 

f 

[MHz] 

2856 

Harmonic  number 

h 

2016 

Momentum  compaction 

a 

0.027 

Bending  radius  magnets 

P 

[m] 

3.3 

Ring  circumference 

L 

[m] 

211.618 

Circumference  period 

T 

(PS) 

0.7 

From  these  numbers  the  RF  parameters  which  are  important 
for  the  design  of  the  RF  station  are  calculated. 

Table  1  shows  the  synchrotron  radiation  loss  per  turn  (Us) 
with  the  corresponding  synchronous  phase  angle  ((|)s),  the  total 
loss  (Ut),  including  the  parasitic  loss  per  turn,  with  the 
corresponding  phase  angle  (ijit).  Also  presented  are  the  required 
cavity  voltage  (VrO  and  the  cavity  input  power  (PrO  for  the 
2856  MHz  travelling  slow  wave  structure. 


Table  1 


Beam 

Energy 

(MeV) 

Us 

(KeV) 

Ut 

(KeV) 

Vrf 

(kV) 

(|)S 

(deer) 

(degr) 

Prf 

(KW) 

300 

.2 

1.2 

26 

179.6 

177.4 

2 

500 

1.7 

2.7 

45 

177.8 

176.7 

6 

700 

6.4 

7.4 

70 

174.7 

173.9 

15 

900 

17.6 

18.6 

105 

170.4 

169.8 

30 

The  synchrou-on  tune  is  approximately  0.03 
RF  cavity  structure 

This  tfavelling  slow  wave  su-ucture  has  a  natural  phase  slip 
which  is  optimized  for  the  AmPS  case  to  obtain  a  nearly 
synchronous  phase  orbit  for  the  expected  beamloading 
conditions.  (rcf.[3]) 

About  3%  of  the  CW  input  power  will  be  dissipated  as  copper 
losses,  the  remainder  part  will  be  dissipated  in  the  rt  load.  The 
rf  filltime  of  the  cavity  suucture  is  22  ns  which  means  a  very 
fast  response  to  phase  and  amplitude  changes  of  the  input  rf 
power  and  beamloading  changes.  Special  care  has  been  taken 
to  damp  the  HOM  (Higher  Order  Modes)  in  this  structure. 
if  iniectm 

During  the  3-ium  injection  at  a  peakcurrent  of  80  mA,  the 
increase  of  the  beamloading  in  the  cavity  su-ucture  by  the  three 
abrupt  current  steps  will  result  in  a  change  of  the  desired  phase 
orbit  through  the  structure.  Fast  phase  correction  (<50ns)  of 
the  field  will  provide  a  safeguard  against  serious  beam 
instabilities  associated  with  this  fast  injection  process. 

RF  extraction 

The  rf  field  in  the  cavity  structure  will  be  used  to  conuol  the 
extraction  process  for  maximum  extraction  efficiency  during 
the  time  between  the  successive  injections.  The  objective  is  a 
smooth,  uniform  and  complete  extracted  beam  at  all  energies. 
Two  possible  methodes  of  extraction  arc  foreseen; 

-  Phase  Modulation  of  the  rf  field  in  the  cavity  structure. 

-  Amplitude  Modulation  of  the  rf  field  in  the  cavity  suaicture. 
By  PM  a  part  of  the  electrons  will  be  forced  out  of  the  stable 
rf  bucket  by  displacing  the  bucket  in  phase  bv  a  fast  phase 
step  of  the  rf  field  in  the  cavity  structure.  This  results  in 
positioning  of  a  small  fraction  of  the  original  trapped  electrons 
outside  the  bucket.  These  electrons  slowly  lose  energy  and 
migrate  into  the  extraction  zone. 

By  AM  the  bucket  size  will  be  reduced  by  decreasing  the 
amplitude  of  the  rf  field.  Again  a  part  of  the  original  trapped 
electrons  will  be  positioned  outside  the  stable  bucket  and 
slowly  lose  energy  and  enter  the  extraction  zone.  A  mixture  of 
both  extraction  techniques  are  possible,  simulation 
calculations  for  the  exuaction  methodes  are  started. 


0-7803-0135-8/91S01.00  ©IEEE 
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Fig.l  AmPS  CW  RF  source 


RF  SOURCE  DETAILS 

In  fig.l  The  design  of  the  stretcher  source  is  shown.  The  RF 
system  is  divided  in  4  parts. 

•  Reference  line 

•  Multiplier  x6,  station  phase  shifter  and  PIN  switch 

•  AM'PM  modulator 

-  50  kW  power  amplifier 

Gourd 

In  the  stretcher  ring  there  must  be  a  perfect  synchronization 
between  the  injected  bunches  and  the  rf  buckets  created  in  the 
cavity  structure.  The  past  has  shown  that  MEA  has  a  very 
good  longterm  stability  and  delivers  high  quality  beams.  To 
obtain  good  longterm  amplitude-  and  phase  stability  in 
relaUon  to  the  injected  and  circulating  bunches  in  the  cavity 
structure  much  attention  is  given  to  the  temperature 
stabilization  of  the  total  electrical  path  length  from  the 
476MHz  synthesizer  to  and  including  the  cavity  structure 


Reference  line 

This  7/8  inch  phase  stabilized  coaxial  cable  (Flcxwell  Cu-2y- 
50)  has  a  phase/temperature  coCflicicnt  of  8ppm/®C  which 
corresponds  to  a  phasc/teinp.  coeff.  of  1.5degr./^C  for  a  300ni 
length  at  476MHz.  The  attenuation  is  2.7dB/100m.  After 
frequency  multiplying  x6  the  phasc/lemp.coCff.  is  9degr/’C  at 


2856MHz.  To  obtain  a  long  term  stability  within  Idegr.  for 
this  case,  the  coaxial  cable  will  be  mounted  to  the  I.Sm  thick 
concrete  ceiling  of  the  accelerator  tunnel  with  thermal 
isolation  around  it  as  is  shown  in  fig. 2.  Temperature 
ntcusurements  have  demonstrated  a  max.  temp  change  of  the 


concrete  ceiling  of  .1  ®C/day. 

X  6  multiplier 

The  multiplier  unit  is  a  copy  of  the  one  used  to  generate  the 
28S6MHZ  accelerator  master  source  signal.  The  input  power  is 
20mW  and  the  output  power  is  50mW.  It  consists  of  a 
476MHz  amplifier  followed  by  a  passive  multiplier/filter  unit. 
The  multiplier  components  are  thermostrated  for  ampitude-  and 
phase  stability.(fig.3) 


476M{I/ 

20mw 


jsplilteT 


isolator 


■  KUB 


111. 


476MIU 

7mW 


temp.conir. 
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20aB  2856.MI1Z 
-».50niW 


Fig.  3  x6  Multiplier 

Station  phase  shifter  and  PIN  switch 
This  slow  motorized  phase-shifter  is  to  conu’ol  the  exact  phase 
relation  of  the  accelerating  field  in  the  cavity  structure  with 
respect  to  the  bunched  beam. 

The  rf  PIN  modyswitch  has  two  functions, 

1- it  will  be  used  as  an  analog  attenuator  to  control  the 
amplitude  of  the  RF  field  in  die  cavity  to  real  zero  level  during 
the  last  part  of  the  extraction  cycle  ir  the  case  of  AM 
extraction,  if  the  AM  conuol  network  is  not  able  to  come  into 
the  few  watts  power  level. 

2- it  will  be  used  to  switch  off  the  RF  for  safety  reasons. 

AM  and  PM  modulator 

This  part  consists  of  four  commercially  available  fast 
electronic  analog  phase  shifters  which  arc  shown  in  fig.  1  and 
4.  The  Amplitude  Modulator  consists  of  phase  shifters  PS3 
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and  PS4.  The  voltage  behind  the  hybrid  will  be  modulated  by 
PS4  according  to  the  relation  Vcos((l)/2)  and  PS3  will 
compensate  for  the  <t)/2  phase  shift  introduced  by  PS4.  This 
network  introduces  AM  without  phase  change  over  more  tnan 
30dB  with  a  resolution  of  12  bit.  In  the  case  of  AM,  PSl  and 
PS2  have  constant  values. 

The  Phase  Modulator  consists,  in  the  first  place,  of  PSl  and 
PS2.  Each  Phase  shifter  has  a  resolution  of  12  bit.  Over  the 
360degf.  phase  range  the  insertion  loss  of  both  phase  shifters 
together  will  change  about  2dB.  The  AM  part  of  the  circuit 
will  be  used  for  insertion  loss  compensation.  The  four  phase 
shifter  network  introduces  PM  without  amplitude  change  with 
12  bit  resolution. 

Modulation  processor 

Pure  AM  and  pure  PM  are  both  defined  by  two,  four  4Kxl2bit 
look  up  tables  with  corresponds  to  exact  phase  shifter  settings. 
Each  phase-  or  amplitude  step  is  defined  by  4  phase  shifter 
settings  from  the  two  tables.  The  data  for  these  tables  will  be 
obtained  by  a  measurement  procedure  with  a  network  analyzer. 
The  max.  puls  rep.  rate  of  the  injection  will  be  400  pps.  The 
max.  extraction  time  ir  chosen  to  be  20ms.  If  we  take  four 
8Kxl2bit  memories  for  the  phase  shifters  then  wc  can  give  a 
phase-  or  amplitude  step  every  2.5  |is,  which  means  every  3 
turns.  The  2.5  ps  is  defined  by  a  clock  in  the  processor. 
Extraction  simulations  will  define  what  AM,  PM  or  mixed 
Modulation  curves  will  be  required  during  the  extraction  time. 
The  four  8KxK  uit  memories  will  be  filled  with  phase  shifter 
settings  according  to  the  calculated  extraction  modulation 
curves.  The  earlier  mentioned  look  up  tables  act  as  source 
tables.  A  possibility  will  be  built  in  to  change  the  modulation 
curves  on  line  to  obtain  optimized  extraction.  The  memory 


During  the  3-turn  injection,  phase  correction  due  to 
beamloading  phase  shift  will  be  accomplished  by  fast 
switching  (20  ns)  of  the  correct  voltage  levels  to  PSl. 

50kW  Power  amplifier 

The  pre-amplifier  is  a  commercially  available  37dB,  5W 
classA  linear  amplifier  used  for  driving  the  CW  klystron  in 
linear  or  saturated  mode.  The  bandwidth  is  more  than 
lOOMHz.  AM  and  PM  step  speed  will  be  limited  by  the 
klystron  bandwidth  (15MHz)  only. 

The  50kW  amplifier  tube  is  the  newly  developed  TH  2110 
CW  klystron  from  Thomson.  In  table  3  the  typical  specs  arc 
given. 

Table  3.  TH  21 10  spccifications(typical) 


Pout  saturated 

kW 

15 

30 

50 

Beam  voltage 

kV 

17.3 

20.8 

25.3 

Beam  current 

A 

1.9 

2.5 

3.3 

Pdrivc  sat. 

W 

4 

2 

.7 

Bandwidth(-ldB) 

MHz 

5 

7 

7 

Phase  sensivity  dcgr/%V 

18 

16 

14.5 

Efficiency 

% 

45 

56 

60 

Pout(ldB  compr.) 

kW 

6 

18 

30 

Pdrivc(ldB  compr) 

W 

.5 

.34 

0.14 

For  PM  the  tube  can  be  used  in  saturated  mode  and  foi 

•  AM  the 

tube  will  be  used  below  the  IdB  compression  level.  For 
operation  at  lower  levels  than  specified  in  the  15kW  list  and 
for  accurate  power  control  an  attenuator  is  implemented  in  the 
RF  output  of  the  klystron. 
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speed  is  100ns  and  is  fast  enough  to  control  the  extraction. 
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ABSTRACT 

We  have  substantially  damped  the  higher  order  modes 
(ROM's)  in  a  pill  box  cavity  with  attached  beam  pipe,  while 
reducing  the  Q  of  the  principal  mode  by  less  that  10%.  This 
was  accomplished  by  cutting  slots  in  the  cavity  end  wall  at  a 
radius  at  which  the  magnetic  field  of  the  lowest  frequency 
ROM's  is  large.  The  slots  couple  energy  from  the  cavity 
into  waveguides  which  are  below  cut  off  for  the  princip^ 
mode,  but  which  propagate  energy  at  the  ROM  frequencies. 
Three  .slots  120  degrees  apart  couple  ROM  energy  to  three 
waveguides.  We  are  concerned  primarily  with  accelerating 
and  deflecting  modes:  i.e.  the  TM,^p  modes  of  order  m:=0 
and  m=l.  For  the  strongest  damping,  only  three  m=0  and 
msl  modes  were  detectable.  'These  were  the  principal 
TMqio  mode,  the  TMqh  longitudinal  mode,  and  the 
TMj  10  deflecting  mode.  In  addition  the  ROM  Q's  and  the 
reduction  of  Q  for  the  principal  mode  were  determined  by 
computer  calculation.  The  principal  mode  Q  for  an  actual  rf 
cavity  could  not  be  measured  because  the  bolted  joints  used 
in  the  construction  of  the  cavity  were  not  sufficiently  good 
to  support  Q's  above  6000.  'The  measured  Q  of  the  first 
longitudinal  mode  was  31  and  of  the  first  transverse  mode 
37.  Our  maximum  damping  was  limited  by  how  welt  we 
could  terminated  the  waveguides,  and  indeed,  the  computer 
calculations  for  the  TMqh  and  TMhq  modes  give  values 
in  the  range  we  measured. 

I.  INTRODUCTION 

A  large  number  of  modes  can  be  excited  in  an  rf  cavity 
by  a  bunched  beam.  Energy  at  frequencies  below  the  cut  off 
of  the  beam  pipe  will  be  trapped  in  the  cavity,  and  interact 
with  successive  beam  bunches.  The  voltage  induced  in  the 
cavity  at  these  higher  order  mode  (ROM)  frequencies  is 
proportional  to  the  sh.mt  impedance  of  the  mode.  Shunt 
impedance  is  the  product  of  a  geometrical  factor  (IVQ)  and 
the  Q  of  the  cavity;  reducing  the  Q  by  damping  the  mode 
reduces  the  voltage  excited  at  that  frequency. 

We  are  presenting  a  method  to  damp  the  ROM's 
without  excessive  damping  of  the  principal  mode.  This  has 
been  demonstrated  in  a  pill  box  cavity  with  three  slots 
coupled  to  waveguides  that  carry  ROM  energy  to 
terminating  loads. 
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Office  of  High  Energy  Physics,  Advanced  Energy  Projects 
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ROM  Damping 

Imagine  a  typical  rf  cavity  as  a  globe  with  the  beam 
passing  through  the  poles.  The  magnetic  field  of  the 
principal  mode  at  the  wall  is  a  maximum  at  the  equator,  and 
falls  off  toward  a  pole.  On  the  other  hand,  most  of  the 
ROM's  have  zero  R  field  at  the  equator,  and  the  R  field  on 
the  wall  is  a  maximum  at  some  distance  away  from  the 
equator.  The  ROM's  have  broad  maximums,  and  it  is 
feasible  to  find  a  position  where  a  slot  couples  strongly  to 
most  of  them.  The  coupling  is  strongly  dependent  on  the 
length  of  the  slot,  and  less  on  height  of  the  slot.  A  narrow 
aspect  slot  couples  adequately,  and  it  perturbs  the 
fundamental  mode  less  than  a  square  aperture.  Care  must  be 
taken  not  to  place  the  slots  on  a  zero  of  one  of  the  ROM's. 

The  width  of  the  waveguides  is  greater  than  the  length 
of  the  slot,  and  was  chosen  to  propagate  the  lowest 
troublesome  ROM,  but  not  the  fundamental  mode.  The 
evanescent  fields  of  the  fundamental  mode  will  reach  a  short 
distance  into  the  waveguides,  and  the  terminating  loads  must 
be  far  enough  away  in  the  guide  to  not  damp  the  principal 
mode.  The  slots  cause  additional  loss  at  the  fundamental 
frequency  because  the  wall  currents  are  concentrated  at  the 
edges  of  the  slots.  Nevertheless,  it  is  possible  to  have 
adequate  coupling  for  the  ROM's  and  still  lower  the 
fundamental  Q  less  than  10  percent 

Experimental  Setup 

A  pill  box  cavity  with  a  38.3  cm  diameter  and  a  25  cm 
height  was  available  from  another  mode  damping 
experiment,  and  it  v/as  modified  by  adding  16.5  cm  (inside 
diar  eter)  beam  pipes  to  each  side.  See  figure  I.  The  beam 
pipes  were  terminated  in  20.3  cm  long  crossed-wedges  of 
1  cm  thick  Eccosorb  AN-73  material.  Three  2.54  cm  x 
19  cm  rectangular  waveguides  are  attached  to  one  end  wall  at 
a  14  cm  radius  and  spaced  at  120  degree  intervals.  The 
waveguides  are  coupled  to  the  cavity  through  2.54  cm  x 
15.24  cm  rectangular  slots,  and  are  terminated  by  lossy 
elements  at  the  far  end.  In  an  r.f.  accelerator  cavity  the 
TMqj  j  longitudinal  mode  is  excited  very  suongly  because  it 

has  a  large  R/Q.  Because  it  is  usually  lower  than  the  beam 
pipe  cut-off  frequency,  it  is  uapped,  and  also  has  a  high  Q. 
We  targeted  our  slot  geometry  to  couple  strongly  to  this 
mode,  and  the  damping-waveguide  cut-off  frequency  was 
chosen  to  be  well  below  its  frequency. 

To  sense  beam  coupling  to  the  longitudinal  modes,  we 
need  an  antenna  that  couples  to  the  E  fields  on  the  axis  of 

die  cavity.  On  the  other  hand,  we  don't  want  to  perturb  the 
fields  on  the  axis  with  a  metal  coaxial  line.  Our  solution 
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Fig.  1.  Pillbox  Cavity  with  One  Damping  Waveguide 
(CBB  905-3942) 


was  to  use  four  S  mm  long  electric-probes  in  the  end  wails 
as  close  to  the  beam  pipe  as  mechanically  feasible.  These 
were  spaced  90  degrees  apart.  Making  them  alike  reduces 
coupling  to  modes  with  m=l,  2,  or  3.  The  signals  from 
these  four  probes  are  combined  and  become  one  port  of  the 
cavity.  A  similar  electric-probe  was  placed  on  the  opposite 
end  wall  and  becomes  the  other  port 

The  probes  are  purposefully  very  short  to  simplify  the 
Q  measurements.  The  signals  from  the  each  pair  of  adjacent 
probes  were  combined  in  separate  180  degree  hybrids.  The 
sum  signals  from  these  hybrids  are  combined  in  another  180 
degree  hybrid,  and  for  longitudinal  modes  the  sum  output  is 
used  as  the  port  to  the  cavity.  To  measure  transverse  modes, 
i.e.  m=l  modes,  the  difference  signal  is  used  as  the  cavity 
port.  For  both  cases  S2J  was  measured  using  an  HP  8510B 

Network  Analyzer.  With  the  dampers  in  use,  the  signals  for 
some  modes  were  very  weak,  and  the  readings  were  enhanced 
by  averaging  128  readings  and  smoothing  the  data  slightly. 
We  later  lengthened  the  fifth  probe  to  9  mm  to  improve  the 
signal-to-noisc  on  some  of  the  readings. 

Measured  Results 

We  started  our  measuiemcnts  by  covering  the  slots  with 
metal  tape  to  enable  us  to  identify  the  basic  cavity  modes, 
and  to  allow  us  to  determine  the  undamped  Q's.  Modes  up 
to  2  GHz  were  identified  by  comparing  with  calculated 


frequencies  from  URMEL  code.  We  also  saw  some 
quadrupole  and  sextupole  modes,  because  the  probes  were 
not  exactly  symmetrical.  These  should  not  couple  to  the 
beam. 

Our  initial  goal  was  to  damp  the  ROM's  sufficiently  to 
reduce  the  Q’s  to  less  than  100.  Our  first  waveguide 
terminations  consisted  of  four  18  cm  long  wedges  of 
Eccosorb  material  across  the  2.S4  cm  dimension  of  each 
guide. 

The  damping  greatly  reduced  the  amplitude  of  most 
modes,  and  it  was  necessary  to  average  the  signals  from  the 
weakest  signals  to  reduce  the  noise  background.  Even  so, 
many  modes  disappeared  into  the  noise  background 
completely. 

Wavcguidc.Tcmiinations 

Preliminary  measurements  were  made  with  a  single 
waveguide,  and  a  variable  length  slot.  We  observed  that  as 
the  slot  length  was  increased,  the  TMqii  mode  became 

smaller  in  amplitude  to  a  point  where  it  split  into  two 
frequencies.  Further  damping  resulted  in  a  greater  separation 
in  frequency,  but  no  further  reduction  in  Q. 

For  the  final  measurements  using  three  slots,  most  of  the 
HOM  Q's  were  below  100,  but  the  TM^jj  mode  was  split 

in  two  parts,  one  with  a  Q  of  SO.S  and  the  other  a  Q  of  105. 
After  some  experimentation,  we  found  that  the  mode 
splitting  was  caused  by  reflection  from  the  waveguide 
termination.  Reflections  between  the  slot  and  the 
termination  cause  the  waveguides  to  act  like  resonant 
cavities  over-coupled  to  the  main  cavity. 

The  wedges  were  removed,  and  terminations  made  of 
Eccosorb  NZ-51  (.5  cm  x  3  cm  x  6  cm)  tiles  inserted  into 
the  comer  of  each  waveguide.  The  character  of  the  split 
mode  was  observed  as  the  number  of  tiles  was  increased.  As 
tiles  were  added,  the  split  mode  coalesced  and  a  final  Q  of  31 
was  reached.  With  these  improvised  terminations,  the  first 
tiles  reached  into  the  evanescent  field  of  the  principal  mode 
and  lowered  its  Q.  However  a  longer  waveguide  with  ferrite 
loading  could  be  designed  to  give  a  sufficiently  good  match 
and  without  increasing  the  principal  mode  loss. 

Calculated  Values: 

Using  the  MAFIA  code  together  with  a  computational 
method  developed  by  Kroll  [1],  the  shunt  impedance  and  Q 
of  the  pillbox  cavity  was  calculated  with  three  damping 
waveguides.  Figure  2  shows  the  three  dimensional  model 
used  to  calculate  these  parameters.  The  cut-off  frequency  of 
the  damping  waveguides  is  787  MHz,  ana  Uie  TMqjq  mode 
at  841  MHz  is  well  damped.  There  is  a  TEj  1  j  mode  in  the 
cavity  at  708  MHz  that  is  not  dampeo.  We  expected  the 
symmetry  of  the  probes  to  reject  it,  but  it  was  quite  visible 
as  an  undamped  mode.  For  a  typical  accelerating  rf  cavity 
shape  this  mode  occurs  at  higher  frequency  with  respect  to 
the  fundamental,  and  it  would  also  to  be  well  damped  even 
though  we  e.\pect  TE  modes  to  couple  only  weakly  to  the 
beam. 
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Fig.  2.  Three  Dimensional  Model  Used  for  MAFIA 
Calculations 

The  table  below  summarizes  the  results  of  both  the 
calculations  and  the  measurements.  The  frequencies  of  the 
damped  modes  were  perturbed  very  little  by  the  dampers,  and 
there  was  no  difficulty  in  identifying  them. 

Calculated  Q  values  indicated  that  the  principal  mode  was 
perturbed  a  minimal  amount;  the  Q  was  reduced  by  only  8 
percent.  The  first  longitudinal  mode  (TMOll)  and  the  first 
transverse  mode  (TMl  1 1)  were  reduced  to  Q's  of  less  than 
40,  and  agreed  closely  with  the  calculated  values.  None  of 
the  other  longitudinal  or  transverse  modes  were  strong 
enough  to  see,  but  there  was  one  quadrupole  mode  with  a  Q 
of  1S2.  (We  don't  expect  the  beam  to  couple  to  quadrupole 
modes.) 


Calculated _ Measured 


mode 

freq 

Q 

AQ 

freq 

Q 

TMOlO 

611 

33400 

-8% 

609.5 

649* 

TMOll 

840 

15-35 

836.2 

31 

TElll 

708 

39300 

-7% 

704.2 

667* 

TMl  10 

907 

56 

898.8 

37 

TMlll 

1021 

31 

** 

** 

TE211 

957 

55 

** 

TM211 

- 

- 

- 

1366 

152 

*  Waveguide  load  sees  evanescent  field. 

**  Not  visible. 
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RF  IMPEDANCE  MEASUREMENTS  OF  THE  VARIOUS  VACUUM  CHAMBERS 
FOR  THE  ADVANCED  PHOTON  SOURCE  (APS)* 


J.J.Song,  J.W. Howell,  R.L.Kustom,  and  J.F. Bridges 
Argonne  National  Laboratory,  Argonne,  IL  60439 

ABSTRACT  II.  LOSS  PARAMETER  AND  IMPEDANCE 


Covpling  (Z)  for  the  7-GeV  APS  For  a  given  beam  bunch  with  charge,  q,  the  en- 

storage  ring  have  been  numerically  estimated  [1] .  loss  of  the  bunch  is 

In  order  to  confirm  these  calculations,  measure-  Jli(Ii-l2)  dt 

ments  of  the  coipling  ittpedance  of  various  vacuum  AE  =»  kc^  =  2Zcflp  ^  ~  (eV),  (1) 

cotponents  around  the  main  storage  ring  was  dene 

with  a  synthetic  pulse  technique.  A  section  of  the  vdiere  Zq  is  the  characteristic  iitpedanoe  of  the 

beam  +  ante-chartber,  a  vacuum  valve  with  and  with-  coaxial  wire,  Ii  is  the  current  flowing  through 

out  the  internal  BF  screen,  and  a  {^oton  absorber  the  reference  chanber,  and  Ij  is  the  current  flow- 

were  used  as  a  device  under  test  (DOT)  to  obtain  throu^  the  DOT  (see  Fig.l) ,  Thus  the  longitu- 

the  preliminary  results.  The  result  in  the  fre-  Hinai  loss  parameter  can  be  measured  by  the  inte- 

quency  demain  (ED)  measurement  was  cenpared  with  gration  of  the  current,  vdiich  is  also  a  function 

previous  time  demain  (ID)  measurement  and  with  the  Qf  the  beam  bunch  length,  o.  The  coiqslirg 

catputer  siitulation  of  the  APS  iirpedanoe  budget  inpedance,  Z,  can  be  derived  from  the  waJee  poten- 

(2] .  The  Z  or  k  dependence  on  the  pulse  length  tial  of  a  beam  bunch, 
and  the  thickness  of  the  center  wire  was  examined. 


I,  INTRODUCTION 

The  coupling  iirpedance  must  be  kqpt  small  so 
that  the  desired  operating  current  is  achieved.  A 
ccnputational  investigation  has  been  carried  out 
to  estimate  the  coupling  impedance  of  a  large  va¬ 
riety  of  structures  in  the  APS  ring.  This  was  done 
mainly  by  W,aiou  [2] ,  using  the  2D,  3D  MAFIA  codes 
and  TBCI  code.  The  results  are  sumerized  in  Table 
1  as  the  APS  impedance  budget.  As  seen,  the 
largest  longitudinal  impedance  is  contributed  by 
the  RF  cavities  (even  though  the  contribution  of 
the  fundamental  mode  has  been  subtracted  from  the 
calculation)  and  the  transverse  impedance  is 
mainly  contributed  by  the  transitions  between  the 
beam  chamber  and  the  insertion  device  (ID)  sec¬ 
tion.  The  longitudinal  impedance  and  the  trans¬ 
verse  impedance  are  estimated  to  be  1  Q  and  0.15 
v£l/m,  respectively. 

The  coipling  impedance  of  the  APS  vacuum  cham¬ 
ber  cenponents  was  measured  with  a  coaxial  wire 
method,  using  a  synthetic  pulse  technique  [3] .  The 
measurements  were  done  on  a  section  of  the  beam- 
and  ante-chamber,  and  a  vacuum  valve  with  and 
without  the  internal  RF  screen.  A  photon  absorber 
is  presently  under  test.  The  measurements  will  as¬ 
sist  in  the  design  of  the  various  certpenents  of 
the  storage  ring,  especially  the  type  of  the  RF 
screen  that  will  be  used  near  the  photoi  absorber. 


*Vforic  sipported  by  U.S.D^»rtment  of  Ehergy, 
Office  of  Basic  Sciences,  under  Contract  W-31-109- 
ENG-38. 

U.S.  Govenunent  work  not  protected  by  U.S.  Copyright 


V^(t)  -  (V/pC).  (2) 

Transforming  eq.  (2)  into  the  ED  gives  the  longitu- 
din2tl  impedance  as; 


[Il(0))-l2  ((!))] 


(«) .  (3) 


III.  EXPERIMENTAL  SETUP 


As  deleted  in  Fig.l,  a  Network  Analyzer 
(HP8510B)  was  used  to  measure  the  two-port  S-pa- 
rameters  of  the  DOT.  The  frequency  span  is  varied 
from  45  MHz  to  18  GHz,  dep«iding  on  the  ap:propri- 
ate  synthetic  pulse  length,  a.  An  HP  9000/308  comt- 
puter  was  used  for  data  acquisition  and  the  con¬ 
trol  of  the  system.  The  time  donain  option  cem- 
putes  a  synthetic  pulse  via  the  Fast  Inverse- 
Fourier  Transform  (FET)  from  the  ED  data.  The  tem- 
parature  in  the  rocm  was  74  ±  2  °F  to  get  a  reli¬ 
able  signal  frem  the  DOT. 

The  test  system  consists  of  a  piece  of  the  APS 
beam  chamber  (50  cm  long) ,  the  DOT  (10  cm)  and  the 
transition  partions  (30  cm  each) .  The  transition 
partion  is  tapared  at  10  °  to  eliminate  rtultiple 
reflections  due  to  sharp  discontinuities.  The  pa¬ 
rameters  in  the  test  system  and  in  the  APS  storage 
ring  are  summarized  in  Table  2.  Three  different 
t3^p«s  of  center  conductors  were  used:  a  2  nm-brass 
wire,  a  9.5  mm-Cu  pipa,  and  an  elliptical  50  il- 
matching  A1  rod. 

In  the  impedance  cotputatiai,  the  use  of  the 
transmission  coefficient  (S21)  instead  of  the  re¬ 
flection  coefficient  (Sn)  reduces  the  error  in 
Z((0)  because  the  multiple  reflecticas  must  be  con¬ 
sidered  for  the  Sii: 
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Table  2.  Test  system  and  APS  storage  ring 
parameters 


Characteristic  irtpedance 

of  the  center  conductor,  Zq  =  125,  88,  50  £2 


Af  =  45  MHz  ~18  GHz 


Noninal  energy. 

E 

7.0  GeV 

Revolution  Frequency, 

fo 

271.55  kHz 

Beam  chamber-cutoff  freq.  fcut” 

4.6  GHz 

Bunch  length,  rms 

Cfrrns" 

5.3  mm 

Bunch  length,  FWHM 

a 

27.5  ps 

Number  of  bunch. 

nb  = 

20 

Bunch  current, _ 

_ Ib _ — 

_ S-ioa 

The  result  transfomed  into  the  TD  is  shown  in 
Fig. 3,  including  the  S21  for  the  valve  with  no  RF 
screen.  The  top  curve  is  for  the  reference  cham¬ 
ber,  the  middle  curve  is  the  valve  with  the  RF 
screen,  and  the  botton  curve  is  without  the  RF 
screen. 

Fig. 4  shows  the  relation  of  k  and  CT  (the  bunch 
length) .  The  bunch  length  is  varied  by  changing 
the  frequency  span  over  vAiich  the  data  is 
recorded.  The  loss  parameter  (k)  is  higher  for  the 
shorter  bunch  and  much  larger  for  the  valve  w/o 
the  RF  screen.  Table  3  surmarizes  all  the  loss  pa¬ 
rameter  measurements. 

V.  CONCLUSION  AND  NEAR  FUTURE  PLAN 


Z(©)=  2Zo 


[S2i(ref)-S?i(DUT)] 


(£2) 


S21  (ref) 

In  order  to  convert  the  data  into  the  beam- 
inpedance  for  a  single  bunch,  the  irtpedance,  is 
nomalized: 


(4) 


(£2), 


(5) 


z  - 
^  ~  n 

where  n  =  (0/27tfo  and  fo  is  the  revolution  fre¬ 
quency  of  a  beam  in  a  storage  ring.  The  total 
impedance  can  be  obtained  by  multiplying  k  by  the 
passage  time  between  bunches  in  a  storage  ring,  or 


Ztot  =  "V  (6) 

nbfo 

where  nt  is  the  nunber  of  bunches  in  a  storage 
ring. 


Several  general  conclusions  can  be  made: 

-The  RF-screened  vabre  has  a  factor  of  five  imv- 
provarent  over  a  standard  valve  and  the  previous 
TD  measurarents  with  the  real-time  pulse  were  cor¬ 
rect,  but  had  too  a  low  resolution  for  the  small- 
k. 

-Further  measurements  will  be  done  on  the  photon 
absorber,  the  352-MHz  cavity,  the  insertion  de¬ 
vice,  the  transition  section  between  various  size 
vacuum  pipes . 

-It  is  also  planed  to  determine  the  type  of  the  RF 
screen  on  the  photon  alosori^er,  the  experiment  on 
the  aperture  coupling  is  under  way  and  the  con- 
puter  simulation  was  done  (5] . 

VI.  ACKNOWLEDGEMENTS 


IV.  MEASUREMENTS  AND  RESULTS 

The  small  section  of  the  beam-  and  ante-chamber 
was  measured  to  ccitpare  with  the  previous  e^qperi- 
ment  in  the  TD  [4] .  Even  though  the  error  of  k  is 
as  high  as  30  %  ,  the  resolution  is  much  improved. 
The  TD  measurement  for  the  small  k-values  was  re¬ 
peatable  only  ipto  0.002  V/pC  because  of  the  am¬ 
plitude  jitter  in  the  real-time  pulse  [4] .  In  the 
FD  neasurerrent,  the  rqpeatability  error  was  6  x 
10'^  V/pC  in  the  0-16  GHz  span  and  the  k-value  was 
measured  to  be  2  x  10"^  V/pC  (see  Table  3) . 

Tor  the  large  value  of  the  k.  There  are  no  sig¬ 
nificant  effects  of  the  size  of  the  center  conduc¬ 
tor.  For  the  smell  k,  the  thickest  center  piece 
afparently  gives  more  transmission  rate  (S21) ,  be¬ 
cause  it  gives  the  exact  50-£2  metching  in  the  DUT. 

The  typical  result  of  the  longitudinal 
impedance  for  the  vacuum  valve  with  the  RF  screen 
is  plotted  in  Fig. 2,  using  the  eqps  (4)  and  (5) . 
Some  resonant  peaks  at  2.3,  5.9,  and  9.4  GHz  are 
otjserved,  but  the  Q  values  are  low  (  <  20)  so  that 
the  contribution  to  the  overall  impedance  is 
small.  The  cause  of  these  are  not  specifically 
known,  but  several  possible  candidates  are  obvious 
and  they  will  be  investigated. 
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TABLE  1  APS  inpedance  budget. 


1.-HFC*vily(HOM) 

15 

02 

0.02 

2.  Transition  b*twMn  chamber  & 

34 

0.03 

0.06 

tOsMtion 

S.  Transition  b«tw.«n  cKamber  & 

3 

0.1 

0.003 

rtSKtion 

4.  Crotch  ab$orb«r 

160 

0.01 

0.002 

S.  ShMded  bellows 

160 

0.04 

0  007 

6.  Shielded  transitions 

60 

0.02 

0.003 

7.  Flange  tun-penetration  weldment 

480 

0.01 

0.006 

8.  EMptical  tube  weldment 

80 

tE-3 

IE-3 

9.  Shielded  and  conitat 

80 

tE-3 

16-3 

to.  Valve 

80 

0.01 

0.01 

It.  Beam  position  monitor 

360 

0.02 

t2.  Transition  between  chamber 

120 

3E-3 

IE-3 

w.  ft-w/0  ante  chamber 

to.  Resistive  wall 

0.01 

0.01 

14.  Spacacharga 

1E-S 

0.03 

15.  Others 

0.3 

(WdMTt,  bumptrs.  Ion  pump  ports,  elc.) 


nubtotirf  1  O.lS 

Budo«((tubioiiilX2)  20  O-auamt 


Ml  •niy  LXrCAR  S21  <>  H5  LINEAR 

REF  t.O  Unit*  REF  Unit* 

A  100.0  mUnlt*/  X  100.0  mUnlt*/ 

1  626.01  tdJ,  V  939.11  mU. 


START  3.9  ns 
STGP  4.3  n* 


Fig. 3  The  TD  transform  of  the  S21  of  DOT: 
the  top  curve  is  the  reference  chamber, 
the  middle  is  the  RF-screened  valve, 
the  bottem  is  the  regular  valve. 


12  Lfi  L&  2^ 

37.S  60  192  32Q 

0.023  0.014  0.008 

0.123  0.059  0.042  0.039 

0.002  0.001 

SEzQA 

Table  3.  Loss  parameters  of  the  various 
DOTS  in  frequency  spans. 


Eiiar  in  .K 


Fig.l  Ej{perimental  setup. 


Fig. 2  The  normalized  inpedance,  Z(C0)/n, 
of  the  isolation  valve  with  the  RF  screen. 
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Fig. 4  The  loss  parameter  of  the  isolation 
valve,  k,  vs  the  bunch  length,  a. 
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Abstract 

Measurement  of  the  higher  order  modes  of  a  prototype 
single-cell  352-MHz  cavity  for  the  APS  7-GeV  Storage 
Ring  will  be  presented  and  discussed.  A  352-MHz  cylin¬ 
drical  pill-box  cavity  made  of  aluminum  has  been  built 
to  test  and  verify  the  measurement  instruments  using  the 
analytically-derived  resonant  frequencies  of  both  the  fun¬ 
damental  and  higher-order  modes.  A  cavity  made  from 
solid  copper  was  built  according  to  dimensions  derived 
from  URMEL  program  runs.  The  longitudinal  and  trans¬ 
verse  impedances  of  the  first  several  higher- order  modes 
have  been  measured  using  various  shaped  metal  beads. 

I.  Introduction 

The  prototype  all-copper  cavity  for  the  APS  storage  ring 
has  been  measured  for  higher-order  modes  (HOMs)  and 
the  data  has  been  categorized  by  bead-pulling  techniques. 
Those  modes  which  may  interfere  with  beam  stability  [1] 
have  been  damped  with  low-power  devices. 

HOM  measurements  have  been  previously  made  on  a 
cylindrical  cavity  with  the  Eo\o  mode  at  351.9  MHz,  the 
accelerating  mode  for  the  APS  7-GeV  storage  ring  [4,  5]. 
This  was  done  to  check  the  instrumentation  and  to  fa¬ 
miliarize  ourselves  with  the  technique  by  using  a  cavity 
shape  that  can  be  analytically  solved  for  higher  modes. 
The  accelerating  cavity  shape  is  basically  spherical  with 
a  rounded,  slightly  reentrant  beam  pipe  (see  Figure  1). 
However  the  aspect  ratio  and  volume  are  about  the  same 
as  in  the  previously  studied  cylindrical  cavity,  therefore  the 
frequency  and  Q  of  the  modes  are  also  about  the  same. 

II.  Method 

We  used  standard  bead  perturbation  techniques  [2,  3, 4), 
primarily  with  metallic  cylinders  25.4mm  long  by  .8mm  di¬ 
ameter,  to  measure  the  longitudinal  E-ficld  for  monopole 
and  dipole  modes.  Such  needle-like  objects  do  not  signif¬ 
icantly  perturb  the  magnetic  field  or  the  transverse  com¬ 
ponent  of  the  electric  field. 


Figure  1 


The  perturbation  of  the  longitudinal  component  ^||  of 
the  electric  field  is  related  to  the  phase  shift  <t>  of  the  reso¬ 
nance  by 

-lan0=.  ^3AK£o.^’ilAr''/2  (1) 

(equation  (18)  on  page  8  of  [3])  where  Q  and  W  are  the 
quality  factor  of  and  energy  stored  in  the  mode,  and  AV 
is  the  volume  occupied  by  a  prolate  spheroidal  perturber 
of  high  aspect  ratio  oriented  parallel  to  Eji .  Then 
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is  obtsuned  by  solving  (1)  for  E\\  and  substituting  it  into  the 
general  equation  R,hunt  =  \VVIP  where  P  -  w^W/Q  is 
the  mean  power  dissipated  and  V  =  fg  is  the 

accumulated  voltage  difference  experienced  by  a  positron 
during  its  passage  from  z  =  0  to  z  =  L. 

The  form  factor  Fi  was  adjusted  by  calibration  against 
the  analytically  known  fields  and  impedances  in  the  right- 
circular  cylindrical  cavity,  dimensioned  so  that  its  resonant 
frequencies  corresponded  to  those  of  the  prototype  cavity. 

The  analytic  value  for  the  R/Q  of  the  fundamental  mode 
in  our  cylindrical  cavity  is  209Q,  with  no  transit  time  fac¬ 
tor.  Our  measured  value  was,  instead,  319Q.  In  agree¬ 
ment  with  Jacob  [3]  we  attribute  the  difference  to  the 
greater  amount  of  metal  contained  in  a  cylindrical  needle 
than  in  an  ellipsoidal  one  of  the  same  length  and  width..  In 
the  “crudest  approximation”  (see  page  319  of  [2])  the  fre¬ 
quency  shift  depends  only  on  the  volume  of  the  perturber. 
The  volume  ratio  between  cylinders  and  spheroids  of  the 
same  dimensions  is  3/2,  so  we  have  used  that  ratio  as  our 
calibrating  correction  factor  throughout.  The  resulting  cal¬ 
culations  of  longitudinal  and  transverse  shunt  resistances 
from  measured  data  agreed  closely  with  the  same  values 
calculated  by  URMEL  (see  Tables  2  and  3  in  [1]). 

For  dipole  modes  the  longitudinal  shunt  resistance  is 
zero  along  the  axis  of  the  cavity.  By  measuring  two  more 
longitudinal  shunt  resistances,  off  axis  but  close  to  and  par¬ 
allel  to  it,  and  noncollinear  with  it,  we  can  get  an  approxi¬ 
mation  to  the  transverse  gradient  of  the  longitudinal  shunt 
resistance  at  the  axis.  From  this,  by  the  Panofsky- Wenzel 
Theorem,  we  determine  the  transverse  mode  impedance  as 
on  page  6  of  [3]. 


III.  Data 


Data  was  recorded  using  an  8510  network  analyzer  and 
an  HP  Vectra  computer  with  our  own  software.  Measure¬ 
ments  of  the  phase  deviation  of  S21  were  recorded  as  the 
bead  was  shifted  along  parallel  to  the  axis  of  the  cavity. 
Two  small  loops  on  the  perimeter  of  the  cavity  were  used 
as  the  input  and  output  port*  for  both  the  Q  and  the 
perturbation  measurements.  Some  data  was  obtained  by 
driving  the  cavity  through  the  full-size,  toigh-power  loop 
which  was  rotated  so  as  to  have  500  inpuit  impedance  at 
the  fundamental  frequency,  351.9  MHz. 

Ten  modes  were  calculated  to  have  impedances  that  will 
cause  coupled-bunch  instabilities  near  or  below  the  300  mA 
positron  current  which  is  the  design  goal  of  the  APS  (1). 
These  modes  were  measured  and  are  listed  in  Table  1  along 
with  the  impedances  calculated  using  URMEL  [1]. 


Table  1. 


Frequency 

(MHz) 

R 

(Normal 

MO) 

Threshold 

Current 

(mA) 

Damping 

Ratio 

(dB) 

536.7 

1.67 

80 

23. 

588.7 

13.6 

81 

9. 

761.1 

25.6 

43 

30. 

922.5 

0.62 

130 

- 

939. 

0.23 

340 

40. 

962. 

6.1 

180 

1017.4 

2.6 

320 

13. 

1145.1 

2.7 

80 

5. 

1210.8 

.49 

80 

- 

1509.1 

0.36 

80 

20. 

Figure  2  shows  the  phase  shift  data  for  the  fundamental 
mode  351.9  MHz  and  Figure  3  shows  the  E013  mode  at 
1210  MHz.  These  two  graphs  are  typical  of  all  the  data, 
although  some  modes  were  noisy  and  had  to  be  averaged 
to  increase  the  signal-to-noise  ratio. 
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Figure  2 


Figure  3 


IV.  Results 

We  have  measured  the  modes  in  Table  1,  and  signifi¬ 
cantly  damped  most  of  them  whose  instability  thresholds 
were  below  300mA.  There  are  two  sets  of  such  modes: 
those  which  the  magnetic  field  on  the  mid-plane  coupled 
to  the  fundamental  drive  loop,  and  those  with  an  E-field 
perpendicular  to  the  beam  at  the  circumference  at  the  mid 
plane. 

The  loop-coupled  modes  were  damped  by  using  a  500 
resistor  on  the  input  port  to  the  loop  (see  Figure  4  )  . 
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Figure  4 

In  the  final  design  these  modes  will  be  damped  by  lossy 
material  inserted  in  the  input  waveguide  near  the  drive 
loop.  This  arrangement  will  also  prevent  these  frequencies 
from  returning  to  the  splitters,  circulator,  and  eventually 
the  klystron,  which  are  not  meant  to  handle  them.  Those 
three  modes  not  damped  by  the  driving  loop  will  be  further 
investigated. 

The  E-fleld  modes  were  damped  between  a  factor  of  13 
and  34  dB  using  a  resistance  which  was  optimized  for  max¬ 
imum  damping  at  940  MHz  (see  Figure  5). 


CENTER  0.940310000  GHx 
SPAN  0.020000000  CHi 


Figure  5 

The  marker  is  on  the  undamped  resonance  peak.  The 
E-field  probes  shift  the  peak  about  7MHz  higher  when 
inserted  into  the  cavity.  Resistively  loading  the  probes 
damps  the  resonance  about  40dB.  (The  peak  at  about  956 
MHz  is  essentially  unchanged.) 

V..  Future  Work 

We  will  design  and  test  a  magnetically  coupled  damper 
for  those  modes  not  damped  by  the  drive  loop  (i.e.,  923, 
962,  and  1211  MHz). 


We  intend  to  measure  two  more  sets  of  HOMs:  monopole 
and  dipole  modes  with  instability  thresholds  between  300 
and  600  mA,  and  a  few  of  the  lower  quadrupole  modes. 

We  also  intend  to  investigate  damper  design  in  more 
detail,  in  particular  to  try  to  design  a  damper  that  will  be 
conjugately  matched  to  the  bothersome  modes  and  that 
will  be  optimized  using  the  criteria  that  the  damping  ratio 
of  each  of  the  modes  will  raise  the  instability  threshold 
currents  to  the  same  value  for  all  modes.  This  value  might 
be  arbitrary,  say  1  A,  or  it  might  be  set  at  the  average  of 
those  thresholds  between  300  and  600  mA  depending  on 
the  number  in  that  interval  and  the  ease  of  damping. 

We  intend  to  lengthen  the  cavity  by  using  shims  of  cop¬ 
per  to  learn  how  the  HOMs  shift  in  frequency.  Based  on 
this  information  we  may  design  the  cavities  to  have  dif¬ 
ferent  shapes  in  order  to  spread  the  HOMs  and  thereby 
reduce  cavity-bunch  instabilities  [1]. 
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Abstmci 


III.  Allowed  Tuning  Error 


An  expression  for  the  resonance-controller  time  constant 
is  given  in  terms  of  the  allowed  tuner  error  and  rate  of 
frequency  sweep.  A  cavity  tuner-control  with  this  time- 
constant  guarantees  the  resonance  program  is  tracked  to 
the  desired  accuracy.  Expressions  are  given  for  the  permis¬ 
sible  tuner  frequency  error,  in  terms  of  the  reactive  to  resis¬ 
tive  power  ratio,  for  an  accelerating  cavity  operating  with 
or  without  fast  feedback.  An  expression  is  given  for  the  res¬ 
onance  frequency  sweep  rate  for  arbitrary  drive  frequency 
program  and  relative  beam-loading.  The  results  are  ap¬ 
plied  to  the  TRIUMF-KAON  [1]  Accumulator  and  Booster 
rings.  The  constraint  imposed  on  the  time  constant  by  ac¬ 
cumulation  in  the  former  is  not  severe;  a  passband  of  a 
few  hundred  hertz  is  sufficient.  However,  it  is  found  that 
in  the  absence  of  fast  feedback  the  Booster  tuner  control 
must  have  a  passband  that  extends  to  30  kHz.  This  paper 
is  an  abridged  version  of  an  unpublished  design  note  [2]., 

I.  Controller  Time  Constant 

We  suppose  that  the  cavity  resonance  frequency  is  to  fol¬ 
low  a  predetermined  program  (given  by  equation  2  below) 
to  within  some  accuracy  Awq.  In  the  general  case  of  an 
arbitrary  frequency  tuning  rate  wo(0,  and  varying  allowed 
tuning  error  Awo(0.  the  controller  time  constant  required 
to  track  the  frequency  program  is: 

.  (1) 

I  dUfo/dt  <mm 


From  (2)  we  may  find  the  relation  between  incremental 
changes  A$o  and  Au>o  : 


sec*  4'oA'i'o  = - 

U) 


2Q  tan  4'o 


Wo 


Awo  . 


(3) 


Now  from  (2)  provided  p  <  2Q 


Wo  w 


w 


Awo  sec*$o*,T, 

Hence  - «  ■— T^A’i'o  •  (4) 

Wo  2Q 

Expressions  for  sec*  4'oA4'o,  consistent  with  accurate  gen¬ 
eration  of  the  accelerating  voltage  across  the  cavity  gap, 
are  given  in  reference  [2].  We  suppose  that  the  cavity  phase 
and  amplitude  controls  have  bandwidth  much  greater  than 
the  cavity  tuner  and  its  power  supply,  so  that  the  gener¬ 
ator  current  exactly  compensates  the  tuning  error  A$o- 
Then,  as  shown  in  the  appendix. 


sec*  410 A^'o  {-)  tan  A(/i,[l  +  (Ib/Io)  sin  .- 


Here  A^j  is  the  phase  difference  between  the  generator 
current  and  the  gap  voltage.  TanA(^j  happens  to  be  the 
ratio  of  reactive  power  to  resistive  power  delivered  to  the 
cavity.  The  maximum  permissible  tuning  error  occurs  when 
maximum  allowable  reactive  power  is  delivered  by  the  am¬ 
plifiers  and  power  tube.  Thus 


The  bandwidth  of  the  tuner  control  is  the  inverse  of  AT 
The  value  of  Awo(t)  depends  on  how  much  reactive  power 
can  be  delivered,  as  shown  below. 

11.  Resonance  Program 


sec*  4'o|A4'o|  =  (1  -H  tan  4*0  tan  4>i,) 


reactive  power 
resistive  power 


max 


(5) 

Combining  relations  (4)  and  (5)  gives  the  permissible  tun¬ 
ing  error  : 


Let  Wo  =  resonance  frequency,  and  w  =  drive  frequency. 
Let  Ib  =  beam  current  component  at  the  radio  frequency, 
and  4>h  the  rf  phase  of  the  bunch  centre.  Let  lo  =  V/R  be 
the  gap  voltage  divided  by  cavity  shunt  resistance,  and  Q 
=  cavity  quality  factor.  The  resonance  frequency  program 
wo(t)  is  given  by: 

Wo  -  W*  Ib 

- 7— =  —  cos  =  tan  4'o  •  (2) 

UiijjQ/Q  IQ 


Wo 


(1  -f  tan  $0  tan</ii) 

reactive  power 

2Q 

resistive  power. 

(6) 


This  is  for  the  case  of  an  rf-cavity  in  isolation,  as  treated 
in  the  Appendix.  If  fast  feedback  [3]  around  the  amplifier 
is  used,  then  the  expression  is  modified  according  to  llie 
loop  gain  H  =  AqR- 


Awo  ^  (I  +  H  +  tan 410 tan <i>b) 
Wo  2Q 


reactive 


resistive 


max 


(7) 


Here  4*0  is  the  tuning  angle,  and  tan  4*0  IS  tlie  beam  loading  Since  //  can  be  large  compared  with  tan  41-^  tan  (p(,,  there 
ratio.  For  brevity,  this  ratio  will  be  denoted  p.  can  be  a  significant  increase  in  the  allowed  tuning  error 

0-7803-0135-8/91$01 .00  ©IEEE  6% 


This  happens,  not  because  feedback  alters  the  time  con¬ 
stant  of  the  tuner  control,  but  because  feedback  makes  the 
gap  voltage  insensitive  to  the  exact  tuning  angle. 

So  far  we  have  assumed  that  no  error  is  allowed  in  the 
cavity  voltage.  In  fact  there  is  only  a  small  gain  in  the 
allowed  tuner  error  unless  large  voltage  errors  can  be  tol¬ 
erated.  If  the  reactive-to-resistive  power  ratio  is  unity,  and 
the  gap  voltage  has  errors  A0v  and  AV  ,  then 


For  the  KAON  Booster  ring,  the  change  in  relativistic  /? 
is  substantial:  Afi  0.23;  whereas  (tan^o/Q)  <  0.006  so 
we  may  drop  the  second  term  leaving  wq  »  WooAj3fi/2. 
Finally,  we  may  estimate  the  control  time-constant  to  be 
AT  = 


Awo  ^  (1  -f  /f  -f  tan  tan  (^j)  (/?)  reacti%’e 
Wo  Qfl  A0  L  resistive 


tnax 


sec®  'foA^'o/tan  A(^j  « 

1  ^  (sin^j  -f  (A(^v  +  AV'/Vt)(cos</h  -  sin <^6)]  •  (8) 

lo 


IV.  Resonance  Frequency  Sweep  Rate 


Solve  relation  (2)  for  wo  in  terms  of  w(t)  and  p(t).  For  the 
case  p  <  Q  we  find  the  approximation  uq  « 
w[l  -I-  p/2Q].  Take  the  time  derivative,  and  neglect  terms 
p/Q  as  insignificant,  to  give: 


Wo 


Woo 


■  dt  '*"2(3  di 


(9) 


Substitute  values  appropriate  to  the  Booster:  (/?)  =  0.854, 
Aj3  =  0.234,  H  =:  6b,  Q  =  4000,  tan\Po  =  16,  tan(^i,  = 
l/\/3,  and  fi  =  27r  x  50  Hz.  Arguably  the  power  ratio  can 
rise,  for  sijort  periods,  as  high  as  Ui.ity.  In  this  case  the 
time  constant  is  AT  =  0.2  milli-second,  which  means  the 
controller  must  pass  frequencies  up  to  5  kHz  with  only  -3 
dB  attenuation. 

If  the  cavity  were  not  equipped  with  fast  feedback 
around  the  amplifier,  then  H  =  0  and  the  time  constant 
is  significantly  smaller  :  AT  =  30  micro-second  which  is 
equivalent  to  a  30  kHz  passband. 

Of  course,  if  less  reactive  power  is  allowed  than  the  unity 
ratio  assumed  here,  then  the  controller  time  constant  must 
diminish  proportionately. 

VI.  KAON  Accumulator 


Woo  =  drive  frequency  if  /?  =  unity;  and  /?  is  the  particle- 
beam  speed  divided  by  the  speed  of  light. 


Now  from  (2) 


p  dt 


-  tan  Mi  -  Y 


(10) 


Equations  (1),  (6),  (7),  (9)  and  (10)  are  sufficient  to  deter¬ 
mine  the  time  constant  AT. 


V.  KAON  Booster 

The  Booster  is  a  fast-cycling  synchrotron  with  biased  si¬ 
nusoidal  magnet  excitation.  The  injection  and  v  .\,lraction 
energies  are  0.5  GeV  and  3  GeV,  respectively.  Detailed  nu¬ 
merical  evaluations  would  be  needed  to  find  the  minimum 
value  ATmin  during  the  acceleration  cycle.  We  will  be  con¬ 
tent  with  a  good  estimate,  and  guess  that  the  ATmm  occurs 
near  mid-cycle.  The  magnet  cycling  angular  frequency  is  fi, 
assuming  single  frequency  excitation;  and  the  time  range  is 
0  <  fit  <  T.  We  assume  all  quantities  vary  in  a  sinusoidal 
manner,  that  is: 

^(t)  =  -f  (l-cosfit)(/?  -  ;3)/2 

U(t)  =  ij  -I-  (l-cosfit)(ij  -  U)/2,  and  likewise  lo(t). 

4>b(t)  =  (l-cos2fit)(jij  ,  so  =  zero  at  mid-ramp. 


The  Accumulator  is  a  storage  ring.  Current  is  accepted 
from  a  cyclotron  by  charge-exchange  multi-turn  injection 
for  2  X  10“*  turns,  and  transfer  is  bucket-to-bucket  so  that 
the  beam  never  debunches.  The  synchronous  phase  angle  is 
zero  so  that  tan  <l>i  =  0.  Consequently,  there  is  no  change  in 
drive  frequency  (w  =  0)  and  the  resonance  frequency  pro¬ 
gram  derives  entirely  from  beam-loading.  Borrowing  from 
equations  (9)  and  (10)  the  tuning  rate  becomes 


Wo 


Woo/^  lb  f  ^6  io  1 

“2^1^17^“  7oJ 


(11) 


The  gap  voltage  is  constant  in  time  and  so  /q  =  0.  In  this 
case,  dividing  equation  (4)  by  (11)  gives  : 

^  . 

‘^0  (It/lo) 

In  the  Accumulator  the  beam  current  follows  a  linear  ramp 
lb(0  =  h  +  AIi{t/Tr),  where  Tr  is  the  duration  of  beam 
filling.  Substituting  from  equation  (9),  the  controller  time 
constant  becomes 


ATmin  — 


Io(l  +  //) 

Alb 


reactive  power 
resistive  power 


X  Tr  . 


We  shall  denote  the  value  of  x  at  mid-ramp  by  x,  an 
average  value  by  (x),  and  the  change  from  start  to  finish 
of  ramping  by  Ax.  Substituting  the  above  time  variations 
into  equation  (9)  gives: 


Wo  «  Woo 


+ 


/).  tan  'I'o 

Q 


Ah 

(lb) 


(Io)J7 


For  the  Accumulator,  values  are  :  lo  =  0.34  A,  Alb  =  2.5  A, 
H  =  20  and  Tr  =  20  ms  ;  giving  ATmm  =  58  ms  for  unity 
power  ratio.  If  there  is  no  fast  feedback  {H  =  0)  the  time 
constant  becomes  2.7  ms,  implying  a  -3  dB  frequency  of 
370  Hz.  This  is  the  minimum  recommended  value,  since 
one  must  also  consider  the  need  to  periodically  reset  the 
tuner  to  the  zero  beam-load  frequency. 
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VII.  Conclusion 

The  constraints  on  tuner-control  imposed  by  A  ring  accu¬ 
mulation  are  likely  much  less  severe  than  those  deriving 
from  beam-iiyection  transient  compensation  and  periodic 
tuner  resetting. 

The  B  ring  tuner-control  is  likely  dominated  by  the  sub- 
stantiiil  change  in  radio  frequency  (46-61  MHz),  and  is 
probably  not  feasible  without  ‘fast  feedback’  around  the 
amplifier. 

Appendix:  Effect  of  Tuner  Error  for  Cavity 

The  conventions  used  for  the  phasor  diagram  follow  Peder¬ 
sen  [4].  The  cavity-gap  voltage  (V)  lies  along  the  real  axis 
of  the  complex  plane,  as  does  the  generator  current  (Ig), 
and  the  beam  image-current  vector  is  given  by; 

=  (-)Ib[sin(^<,  -I- j  cos(^i,]. 

All  quantities  are  assumed  sinusoidally  varying  according 
to  with  We  the  drive  frequency. 


phase  to  Ig  =  (Ig  +  AIg)e^^^»  as  shown  in  the  phasor  di¬ 
agram.  The  beam  current  vector  does  not  move.  Let  us 
assume  the  generator  compensation  is  perfect  so  that  old 
and  new  voltages  are  identical.  Hence: 

iicosVI'oe>*'>[Ibe--'(^‘+’‘/2)  +  = 

Set  (pg  =0  and  solve  for  A<j)g  to  give  tan  Apg  =  Y/X  with 

Y  =  [1  -  tan^’otan  A$o]lbcos(^j 

-[IbCOS(^j  +  (Ig  -  Ibsinc^j)  tan  A$o] 

X  =  [1  -  tan  $0  tan  A^’ollbsin 

-f-[(Ig  -  Ibsinc^j)  -  Ib  cos (^4  tan  A$o]  ■ 


Use  the  steady  state  conditions  to  eliminate  Ig  and 
IbCos<^4,  to  give  : 


tan  Apg  = 


tan(^o)  -  tan(^o  +  A^p) 
1  +  (Ib/Io)sin(^4 


The  cavity  is  detuned  by  an  amount  tan^'o  = 

2t?(wo  -  Wc)/wo.  We  use  the  linearized  approximation  for 
the  cavity  impedance:  ficos^'oe^*".  The  total  desired 
Voltage  is; 

('‘■I 

Hence  we  find  the  steady-state  values  Ig  and  $0  in  terms 
of  Ib  and  (pk  by  taking  the  real  parts 

Ig  cos  <pg  =  lo  +  Ib  sin  <pi  ( A2) 

and  taking  the  imaginary  parts 

lo  tan  =  lb  cos  (^4  -  Ig  sin  0J,  .  (A3) 

To  minimize  the  generator  current  (Ig)  we  put  (pg  =  0, 

B.  Small  Perturbation 


Expand  tan(^'o  +  A$)  ss  tan  +  sec^  ^ o  as  a  Taylor 
series.  To  first  order  in  A^Oi  we  find 


tan  A<pg  - 


1  +  (Ib/Io)sin(^4 


(A4) 


Note  that  because  sec^  ipo  can  be  very  large  (maybe  10''), 
tan  Apg  can  be  large  even  though  the  tuner  error  is  small 
lA^'ol  <  1.  Consequently,  it  is  correct  to  retain  the  tangent 
term  rather  than  replace  with  the  first  order  term  A(pg. 


C.  Significance  of  TanAipg 

Since  we  have  insisted  there  is  no  error  in  the  gap- voltage 
magnitude  or  phase, 

|V(/j  -f  AIg)s\nApg  is  the  reactive  power,  and 
\V{lg  -I-  AIg)cosA(pg  is  tHc  resistive  power. 

Hence  the  ratio  of  reactive  to  resistive  power  is  simply 
tan  A</>,.  The  sign  of  ImAipg  indicates  that  when  A^o  > 
0  the  generator  current  lags  behind  the  gap  voltage,  and 
when  A^’o  <  0  it  leads. 
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Suppose  the  tuning  angle  changes  by  a  small  amount 
A^io-  To  compensate  the  change  (AVre^^'^'')  in  the  to¬ 
tal  voltage,  the  Ig  vector  has  to  change  in  magnitude  and 
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Abstract 

In  the  perpendicular  biased  ferrite  tuned  cavity  of  the 
proposed  TRIUMF  Kaon  Factory  Booster  Synchrotron, 
magnetizing  flux  passes  through  the  cavity  walls.  If  special 
care  is  not  taken  to  minimize  eddy  current  loss  in  the  walls, 
the  dissipated  power  would  be  excessive  and  the  magnetic 
fields  set  up  by  the  eddy  currents  would  disturb  the  mag¬ 
netic  field  being  applied.  By  electrically  isolating  the  cool¬ 
ing  structure  from  the  cavity  walls  and  introducing  slots  in 
the  wails  it  is  possible  to  bring  to  an  acceptable  level  both 
the  power  loss  and  the  maximal  temperatures.  Based  on 
the  measurements,  an  analytical  mode!  -  essentially  3D  - 
was  derived  and  the  eddy  currents  were  predicted  using  the 
circuit  analysis  program  PSpice.  The  calculated  surface 
current  and  power  distribution  agree  with  measurements. 
PSpice  can  now  be  used  to  determine  the  effect  of  design 
changes  on  the  eddy  current  and  power  distribution. 

I.  Introduction 

The  rf  cavity  for  the  TRIUMF  Kaon  Factory  Booster  Syn¬ 
chrotron  requi  8  a  frequency  swing  of  46  Mils  to  61  MHz 
at  a  repetition  rate  of  50  Hz  [1].  This  wiU  be  accomplished 
using  a  tuner  containing  yttrium  garnet  iorrite  where  the 
magnetizing  bias  field  is  perpend* -^ular  to  the  rf  magnetic 
field.  The  ac  magnetizing  flux  passes  through  the  walls  of 
the  resonator  and  special  care  must  be  taken  to  minimize 
the  induced  eddy  currents  [2]. 

In  order  to  remove  the  heat  resulting  from  rf  and  eddy 
current  losses  in  the  cavity  walls,  and  rf  losses  in  the  fer¬ 
rite,  the  construction  of  the  cavity  includes  I-?rge  stain¬ 
less  steel  cooling  wheels  and  a  cylindrical  copper  cooling 
jacket  [2].  The  power  dissipation  due  to  ec  losses  in  the 
cavity  is  determined  by  the  relationship  between  induced 
cmf ’s,  conductivity  of  materials  employed  and  the  geomet¬ 
ric  configuration. 

Previously  PE2D  has  been  used  to  evaluate  eddy  current 
loss  in  the  different  » ';tions  of  the  cavity  [3].  Since  elec¬ 
tromagnetic  software  c,  pable  of  3D  eddy  current  analysis 
was  not  available  at  PSpice  was  used  to  simu¬ 

late  the  rf  membrane  and  cooling  jacket  in  3D.  In  order  to 
check  the  quality  of  the  equivalent  circuit,  2D  simulations 
were  initially  performed  and  compared  with  the  results  of 
measurements.  The  predictions  comp  red  well,  and  hence 
a  3D  equivalent  circuit  was  simulated.  The  PSpice  soft¬ 
ware  js  very  flexible:  the  equivalent  circuit  is  set  up  such 
that  it  is  relatively  easy  to  make  changes  (e.g.,  changing 
resistivity  and  introducing  slots). 
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II.  Theory  &  Measurements 

The  equivalent  circuit  utilized  is  based  on  Faraday’s  and 
Kirchoff’s  laws.  The  Faraday  law  of  electromagnetic  in¬ 
duction,  states  that  a  time  (t)  varying  magnetic  flux  {<(>) 
induces  an  emf  (e).  In  the  case  of  axial  symmetry  the 
emf  is  induced  uniformly  along  the  length  (f)  of  any  circle 
whose  center  lies  on  the  axis.  It  follows  that: 

=  (1) 

hence 

F  -  ‘  ^  y  ^  m 

"  2  X  x  X  r  “  2  X  X  X  r  d<  ’ 

where  E,  repr<**  its  the  azimuthal  density  of  the  emf  (i.e., 
the  electric  u  1  ‘ rength]  at  radius  r., 

The  abo\  '  w.l'  used  to  obtain  a  first  estimate  of  the 
Mv  current  loss  in  the  walls  of  the  rf  resonator  for  the 
TRIUMF  Kaon  Factor*/  Booster  cavity  (4),  and  also  used 
to  determine  the  ratings  for  the  power  supply  for  perpen- 
di  .*  biasing  of  the  ferrite  in  the  rf  cavity. 

For  -lach  given  radius  r  the  EMF,  is  scaled  with 
emf  X ,  To  map  experimemtully  the  eddy  cur¬ 

rents  in  the  ac  field,  the  resonator  wafis  were  put  ill  the 
stiipped  (without  yoke)  magnetization  coil  (Fig.  1). 


Figure  1  ■  Experimental  !>et-up  for  measureinenl  of  cuireiit  and  tem¬ 
perature  distribution 

Measurements  of  the  temperature  and  currents  were  taken 
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at  different  points  for  various  configurations  and  condi¬ 
tions.  Since  the  measurement  loop  included  two  parts  with 
practically  equal  and  opposite  emf,  the  measured  voltage 
was  proportional  to  the  actual  surface  current  (Fig.  2). 
The  temperature  was  measured  using  a  calibrated  thermo¬ 
couple  after  the  system  had  reached  thermal  equilibrium. 


Resonator 

Disk 

Surface 


Figure  2;  Meuurement  probe:  meaeured  voltage  i»  proportional  to 
surface  cuttetM. 


III.  Ecjoivalent  Circuit 

The  equivalent  circuti  utilized  for  simulating  eddy  cur¬ 
rents  in  the  walls  of  the  (ertite  tuned  rf  cavity,  represents  | 
of  the  disk,  i.e.  a  sector.,  E«rh  sector  is  sub-divided  into  six 
suh»8ec  tors  (Fig.  3).  Each  of  the  disk  sub-sectors  is  mathe¬ 
matically  modelled  using  either  2D  or  3D  “cells” .  Each  cell 
has  its  cylindrical  coordinates  and  ir  characterized  by  its 
azimuthal  emf  and  its  impedance  in  the  azimuthal,  radial 
and  axial  direction.  The  representation  of  a  sub-sector 
consists  of  95  cells;  5  ceils  for  each  of  19  rows  (Fig.  3). 
PSpice  [6]  utilizes  nodal  analysis  methods  so  it  is  advan¬ 
tageous  to  simulate  fh  cell  which  minimizes  the  number  of 
circuit  nodes  (7). 

The  equivalent  circuit  utilized  neglects  reactive  compo¬ 
nents  of  th-^  cell  impedances,  reactive  coupling  between  the 
celts  and  the  effect  of  skin  depth  upon  effective  .■■esistance: 
this  can  be  justified  because  of  the  low  frequencies. 

Power  dissipation  within  each  cell  is  calculated  using  the 
PSpice  Analog  Behavioral  Model  (ABM)  option  [6].  The 
cells  are  simulated  as  subcircuits;  a  subcircuit  call  causes 
tlie  referenced  subcircuit  to  be  inserted  into  the  circuit 
with  the  given  nodes  replacing  the  argument  nodes  in  the 
.subcircuit  definition.  A  row  of  cells  is  defined  as  another 
su,()circuit:  a  subcircuit  representing  a  sub-sector  is  con¬ 
structed  from  19  calls  of  a  row  subcircuit.  The  equi\alent 
circuit  for  a  sector  is  constructed  by  calling  the  sub-sector 
subcircuit  six  times. 

As  indicated  above,  the  values  of  both  the  azimuthal  ami 
radial  resistors  of  a  cell,  as  well  as  that  of  the  dc  \oltage 
source,  are  dependent  upon  the  geometrical  position  of  the 
cell  and  the  materials  employed.  Equations  for  cell  element 


Figure  3:  RepreienUtion  of  tector  by  cell* 

values  are  specified,  within  the  equivalent  circuit,  using 
function  definitions  [7]. 

A.  Boundary  Conditiona 

The  east  end  of  each  row  of  cells  in  a  sub-sector  is  con¬ 
nected  to  the  west  end,  of  the  same  row,  of  an  adjacent 
sub-sector  via  a  resistor,  e.g.,  the  east  end  of  row  13  of 
sub-sector  2  is  connected  to  the  west  end  of  row  13  of  sub¬ 
sector  3  via  a  resistor.  The  value  of  the  ‘boundary  condi¬ 
tion’  resistors  is  defined  using  a  Parameter  Definition.  An 
open-circuit  (i.e.,  slot)  between  sub-sectors  is  simulated 
by  defining  the  appropriate  resistors  to  have  a  large  value 
relative  to  other  resistor  values  in  the  equivalent  circuit. 
Similarly  a  high  conductivity  path  between  sub-sectors  is 
simulated  by  defining  the  appropriate  resistors  to  have  a 
low  value  relative  to  other  resistor  values  in  the  mathemat¬ 
ical  model. 

B.  Analysts 

PSpice  version  4.04p  was  utilized  for  all  the  simulations 
reported.  A  dc  sweep  is  performed:  a  fictitious  voltage 
source  is  swept  through  one  value  only,  hence  the  bias  point 
for  the  circuit  is  calculated  only  once.  The  output  file  is 
transferred  from  a  p.c.,  where  the  analysis  is  performed,  to 
a  VAX  where  post  processing  is  performed. 

2D  modelling  of  the  slotted  disk,  using  a  Thevenin  equiv¬ 
alent  circuit  for  the  cells,  requires  about  12  MB  of  mem¬ 
ory  and  34  hours  of  CPU  time  on  a  20  MHz  80386  based 
p  c.  (7).  As  a  result  of  a  16  .MB  memory  limitation  with 
the  p.c.  used,  and  in  order  to  simulate  the  cooling  jacket  in 
3D,  it  was  necessary  to  significantly  reduce  the  numbei  of 
circuit  nodes,  this  was  achieved  by  replacing  the  Thevenin 
equivalent  azimuthal  senes  connected  voltage  source  and 
resistor  by  its  .Norton  equivalent  'I'he  equivalent  azimuthal 
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current  is  tHe  sum  or  difference  of  the  current  through  the 
current  source  arid  pafallel  resistor  [7]; 

Replacing’the  Thevenin  equivalent  by  its  Norton  equiv¬ 
alent  circuit'  resulted  in  a  reduction  in  circuit  memory  re- 
'quirements  by  a  factor  of  4.4  and  a  decrease  in  CPU  time 
by  a  factor  of  39.  The  Thevenin  and  Norton  equivalent 
circuits  result  in  virtually  identical  predictions  for  power 
dissipations  and  current  flow  patterns  [7]. 

To  simulate  the  effect  of  the  water  cooling  jacket  upon 
eddy  current  loss  in  the  rf  membranes,  the  18th  and  19th 
rows  of  each  of  the  six  sub-sectors  are  represented  in  3D; 
this -is  achieved  by  modelling  7  layers  of  3D  cells  in  axial 
direction.  The  inner  17  rows  of  the  sub-sectors  are  simu¬ 
lated  in  2D,  and  thus  their  description  and  element  values 
are  unchanged  from  the  2D  equivalent  circuit.  The  values 
of  the  cell  elements  for  the  3D  analysis  are  again  specified 
using  equations  which  are  coded  using  function  definitions. 

IV.  Results 

Scaling  between  the  calculations  and  measurements  can 
be  carried  out  by  comparing  predicted  cell  current  with  the 
corresponding  measured  voltage  drop  (7).  Predicted  riidial 
current  distribution  (Fig.  4)  and  power  loss  distribution 
(Fig.  5)  agree  well  with  the  measured  temperature  distri¬ 
bution  [2,7],  though  it  is  difficult  to  compare  them  directly. 
Nevertheless  the  places  where  maximal  temperatures  are 
measured  [2]  coincide  with  the  maximum  predicted  power 
density.  For  example,  the  maximum  temperature  mea¬ 
sured  occurs  in  the  same  place  as  the  predicted  value  of 
maximum  power. 

V.  Conclusion 

For  low  e;jcitlng  frequency  PSpice  can  be  used  with  con¬ 
fidence  to  predict  the  eddy  current  loss  and  power  dissipa- 


Ro-aial  row 


Figure  4:  Predicted  radial  curretsl  distribution  in  sub-sector  1:  3D 
simulation 


Rodiol  row 

Figure  5.  Predicted  power  loss  distribution  due  to  radial,  azinuitlial 
and  axial  curreitts  in  sub-sectors  1,  2  &  3;  3D  simulation 

tion:  the  predictions  should  be  a  worst  case  as  the  equiva¬ 
lent  circuit  simulated  neglects  both  the  reactive  component 
of  induced  emf  and  the  skin  depth  in  the  walls. 
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ABSTRACT 

Single  magnetrons  are  commonly  used  to 
drive  accelerator  cavities,  but  many  applica¬ 
tions  require  multiple  sources  which  can  pro¬ 
vide  phase  control  operating  into  multiple  cavi¬ 
ties.  Conventional  injection  locking  techniques 
provide  the  means  to  phase  lock  magnetrons  to 
w’ithin  l®  .rms.  phase  error  but  these  techniques 
use  circulators.  Where  weight  is  a  concern  or 
when  high  power  is  used,  circulators  are  not  fea¬ 
sible  or  available.  We  are  investigating  a  num¬ 
ber  of  approaches  to  achieve  phase  locking  and 
power  combining  without  the  use  of  circulators. 
A  series  of  experiments  have  been  undertaken 
where  two  magnetrons  are  injection  locked  and 
power  combined,  first  operating  into  a  matched 
load,  second  operating  into  a  tunable  short,  and 
third  operating  into  X-band  cavities. 

I.  INTRODUCTION 

Multiple  magnetrons  were  used  to  drive 
high  Q  linear  accelerators  prior  to  the  advent 
of  ferrite  isolators  jlj.  It  was  found  that  either 
tuning  or  some  degree  of  isolation  was  required 
to  prevent  oscillation  from  starting  and  remain¬ 
ing  in  a  useless  mode  {2j.  This  tuning  can  be 
provided  by  an  injected  signal  within  the  ap¬ 
propriate  locking  beindwidth. 

In  the  method  described  here,  an  X-band 
waveguide  3  dB  hybrid  coupler  provides  the  av¬ 
enue  for  both  injection  locking  and  power  com¬ 
bining  of  magnetron  pairs. 

The  experimental  configuration,  shown 
schematically  in  Figure  1,  has  been  described 


previously  [3].  The  high  Q  (Ql  =  1600)  mag¬ 
netrons  were  run  in  paxallel  off  of  the  same 
modulator.  The  variable  phase  shifters  after 
the  magnetrons  were  used  to  optimize  the  rel¬ 
ative  phase  relationship  between  the  injection 
locked  signals  returning  to  the  hybrid.  Un¬ 
fortunately,  the  phase  shifters  have  a  0.8  dB 
insertion  loss  which  reduced  the  system  effi¬ 
ciency.  The  circulator  was  included  to  protect 
the  TWT  driver  against  fault  conditions.  Iden¬ 
tical  operation  was  observed  with  the  circulator 
removed. 

The  load  was  connected  to  port  4  of  the 
hybrid  after  a  variable  phase  shifter.  An  E- 
H  tuner  was  used  to  provide  a  load  of  vari¬ 
able  impedance.  All  components  between  the 
magnetrons  and  the  load  were  WR-90  X-band 
waveguide  components  to  minimize  circuit  loss 
and  VSWR. 

Phase  measurements  of  the  signals  incident 
on  the  load  and  reflected  from  the  load  were 
made  relative  to  the  output  of  the  driver  am¬ 
plifier  cliain  using  two  phase  bridges. 

Two  cavity  loads  were  used,  each  a  section 
of  WR-90  waveguide  with  a  tunable  short  on 
one  end  and  a  quarter-wave  transformer  on  the 
other.  Cavity  Q  measurements  gave  the  follow¬ 
ing  parameters  at  8.96  GHz  for  the  overcoupled 
cavity:  Qo  =  5700,  Qe  =  4100,  Ql  =  2400,  cou¬ 
pling  factor  =  1.4,  and  cavity  fill  time  constant 
=  43  ns.  For  the  critically  coupled  cavity,  Ql 
=  2700. 


*  Supported  by  Varian  IR&D  Funds. 
0-7803-0135-8/91S01.00  ©IEEE 
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n.  EXPERIMENTAL  RESULTS  - 
VARIABLE  Z  LOAD 

The  impedance  of  a  cavity  chcinges  as  the 
cavity  is  filled'  [2].  Therefore,  the  effect  of 
load  impedance  upon  coupled  power  phase  co¬ 
herency  was  investigated  by  using  an  E-H  tuner 
to  vary  the  load  impedance.  The  variable  phase 
shifters  prior  to  each  magnetron  were  adjusted 
for  conditions  of  optimum  power  combining  and 
maximum  isolation  into  a  matched  load.  With 
th^e  path  lengths  set,  the  E-H  tuner  was  ad¬ 
justed  to  provide  a  purely  real  impedance,  ref¬ 
erenced  to  the  output  of  port  4  of  the  hybrid. 
Results  of  this  experiment  are  shown  in  Figures 
2  and  3.  Figure  2  gives  the  rms  phase  error  for 
several  real  load  impedances  as  defined  above. 
The  phase  error  was  measured  well  after  the 
phase  lock  time  and  at  the  same  time  during 
each  pulse.  The  rms  phase  error  is  a  measure 
of  inter-pulse  phase  coherence.  For  compari¬ 
son,  a  typical  klystron  has  an  rms  phase  error 
of  0.2®.  Figure  3  shows  how  the  phase  of  the 
combined  signal  changes  as  the  load  impedance 
changes. 

Unstable  operation  was  observed  for  nor¬ 
malized  load  impedances  less  than  unity.  It 
should  be  noted  that  a  simple  change  of  90® 
in  the  electrical  length  prior  to  the  load  trans¬ 
lates  the  load  impedance  to  a  real  value  in  the 
stable  regime. 

III.  EXPERIMENTAL  RESULTS  - 
CAVITY  LOADS 

Operation  of  the  magnetrons  into  the  cav¬ 
ity  loads  at  long  pulse  lengths  is  shown  in  Fig¬ 
ure  4.  The  forward  power  (power  out  of  hybrid 
arm  4  and  incident  upon  the  load) ,  the  reverse 
power  (power  out  of  hybrid  arm  1  and  inci¬ 
dent  upon  the  driver),  and  the  refiected  power 
(power  refiected  from  the  load)  are  shown  at 
the  top  of  Figure  4  for  a  9  us  pulse.  The 
phase  of  the  signal  incident  on  the  cavity  is 
shown  at  the  bottom.  Once  the  magnetrons 
have  filled  the  cavity,  the  phase  stays  constant 


within  0.4®  for  the  9  us  pulse.  When  oper¬ 
ated  for  a  pulse  length  of  18  us,  a  monotonic 
5°  phase  change  was  observed  across  the  pulse. 
This  phase  change  has  not  yet  been  explained. 

The  cavity  has  been  filled  when  the  re¬ 
fiected  signal  returns  to  a  minimum  as  the  re¬ 
flected  power  and  the  power  radiated  from  the 
cavity  cancel  one  another.  Complete  cancella¬ 
tion  occurs  only  for  a  critically  cavity  at  res¬ 
onance.  For  the  data  shown,  the  magnetrons 
were  operating  0.5  MHz  away  from  the  cavity 
resonant  frequency. 

The  spike  at  the  beginning  of  the  reverse 
power  pulse  correlates  with  the  magnetron 
phase  lock  time  given  in  Table  1.  During  the 
phase  lock  time  the  magnetrons  are  oscillating 
incoherently  with  respect  to  each  other  and  the 
hybrid  provides  no  isolation  between  the  driver 
and  the  load.  Table  1  summarizes  the  operat¬ 
ing  conditions  for  the  data  of  Figure  4.  Note 
that  the  magnetron  phase  lock  time  is  greater 
than  the  cavity  fill  time. 

TV.  CONCLUSIONS 

We  have  demonstrated  that  injection- 
locked  magnetrons  czin  be  used  to  drive  a  mod¬ 
erate  Q  cavity  at  long  pulse  without  a  circula¬ 
tor  with  excellent  phase  coherency.  The  cavity 
transient  impedance  does  not  preclude  the  mag¬ 
netrons  from  filling  the  cavity,  at  least  when  the 
cavity  fill  time  is  less  than  the  magnetron  phase 
lock  time. 

To  more  closely  model  an  accelerator  appli¬ 
cation  it  is  still  necessary  to  test  the  magnetron 
system  without  the  isolation  provided  by  the 
variable  phase  shifteis.  Beam  loading  should 
also  be  simulated.  Presently,  we  are  duplicat¬ 
ing  the  magnetron  system  at  S-band  with  two 
3  MW  magnetrons  in  order  to  phase  lock  two 
low  Q,  50-100  MW  HPM  magnetrons  without 
using  a  circulator  [4]. 

V.  REFERENCES 

[1]  J.C.  Slater,  Rev.  Mod.  Phys.  80,  473, 


703 


(i?48)- 

[2]  J;G.  Slater,  Microwave  ElectronieSy  Van 
Nostrand,  New  York,  1950. 

[3]  T.A.  Treado,  et  al;  “Experimental  results 
of  power  combining  and  phase-locking 
magnetrons  for  accelerator  applications,” 
lEDM  Tech.  Digest,  San  Francisco,  C.A. 
Dec.  1990. 

[4]  T.A.  Treado,  et  al,  “Experimental  results 
from  the  HDL-Vaxian  injection  locked,  sec¬ 
ondary  emission,  high  power  magnetron 
program,”  IEEE  ICOPS  Conference  Re¬ 
cord,  Williamsburg,  VA,  June  1991. 


Fig  2  Combined  Magnetron  RMS  Phase 
Error  vs.  Normalized  Load  Impedance. 


TABLE  1  Operating  Conditions  for  Figure 

Frequency  =  8.964  GHz 

Gain  =  13  dB 

Isolation  =  23  dB 

Return  Loss  =  10  dB 

Phase  Variation  <  0.5® 

Magnetron  Qx  =  1600 

Cavity  Q^,  Qs,  Ql  =  5100, 4100,  2400 

Magnetron  Phase  Lock 

Time  =  400  ns 

Cavity  Fill  Time  Constant  =  43  ns 


PHASE  VERSUS  LOAD  IMPEDANCE 


Norniolized  Load 
Impedance 

Fig  3  Combined  Magnetron  Phase  vs. 
Normalized  Load  frnpedauice. 


Fig  1  Schematic  of  Injection  Locked, 
Power  Combined  Magnetron  Experiment, 


Fig  4  Cavity  Filling  Experiment,  9  us 
pulse.  Phase  (bottom)  scale  is  0.4®  per  di¬ 
vision. 
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Abstract 

The  Varian  VKL-VSllW  klystron  was  designed 
specifically  for  powering  the  CEBAF  accelerator.  The  design 
of  this  klystron  was  dewribed  in  the  1987  Particle  Accelerator 
Conference  [1],  Since  that  time,  the  design  effort  was 
completed,  engineering  models  were  evaluated,  and  quantity 
p^uctioh  has  begun.  Klystron  production  is  now  proceeding 
at  13  tubes  per  month.  The  tube  provides  5  kW  CW  output 
power  at  1497  MHz  and  is  permanent-magnet  focused  with  a 
four-cavity  interaction  circuit.  A  modulating  anode  is  included 
to  permit  power  control.  This  paper  reviews  the  klystron 
design  features,  describes  the  tubd  development  program,  and 
presents  the  performance  characteristics  measur^  on  the  final 
design. 

1.  INTRODUCTION 

The  design  process  to  develop  a  klystron  amplifier  to 
power  the  CEBAF  accelerator  began  in  1986  when  the 
requirements  became  available.  The  general  requirements  are 
listed  in  Table  1.  From  the  design  alternatives  considered,  a 
four-cavity  permahent-magnet-focused,  liquid-cooled  design 
was  chosen.  Our  VKL-7811A  klystron  had  these  char¬ 
acteristics  and  was  used  as  the  design  starting  point.  The 
VKL-7811A  had  been  produced  for  many  years  as  a 
2-kW  CW  klystron  at  1.8  GHz  used  for  satellite  com¬ 
munications  service.  Working  from  the  basic  7811  design, 
Computer-Aided  Design  (CAD)  techniques  were  employed  to 
optimize  the  design  for  the  accelerator  application.  The  results 
of  this  effort  were  described  previously  [1]  and  culminated  in 
theVKL-7811W. 

Table  1 

CEBAF  Accelerator  Klystron 
General  Requirements 

Frequency  1497  MHz 

Power  UptoSkWCW 

Conuolled  by  modulating  anode 
Bandwidth  (-1  dB)  4-8  MHz  minimum 

Gain  34  dB  minimum  at 

5  kW  output  power; 

2  W  maximum  drive  power 

Permanent-magnet-focuscd 

Water-cooled 

Two  prototype  models  of  the  VKL-7811W  design  were 
fabricated  and  evaluated  to  verify  the  performance 
characteristics.  After  satisfactory  demonstration  of  actual 
performance  closely  matching  the  predictions,  Varian  received 
an  award  to  proceed  with  production  of  350  units. 


II.  DESIGN  FOR  MANUFACTURING 

Before  embarking  oh  the  manufacturing  effort,  the 
prototype  design  was  completely  reevaluated  to  ensure  its  suit¬ 
ability  for  volume  production.  The  overall  mechanical  design 
was  refined  to  achieve  niaximum  simplicity  and  ease  of 
assembly.  Individual  paris  were  reviewed  to  determine 
allowable  variation  and  acceptable  tolerances.  Consequently, 
the  final  design  was  optimiz^  for  low-cost  production  while 
consistently  and  reproducibly  achieving  the  performance 
demonstrated  by  the  prototype  tubes. 


111.  THE  KLYSTRON  DESIGN 

The  final  design  selected  for  production  is  described  in 
Table  2.  A  photograph  of  the  klystron  is  shown  in  Figure  1. 
The  features  developed  during  the  original  design  effort  have 
been  maintained  while  incorporating  enhanced  manu¬ 
facturability.  The  basic  four-cavity-interaction  circuit  is 
utilized  with  cavity  loading  selected  to  permit  a  bandwidth  of 
at  least  4.8  MHz  to  be  maintained  while  the  output  power  is 
controlled  froir<  5  kW  CW  down  to  1  kW.  Power  control  is 
achieved  by  voltage  variation  on  an  insulated  anode.  Beam 
focusing  is  provid^  by  a  permanent  magnet,  while  cooling  is 
by  circulating  water. 

Table  2 

CEBAF  Klystron 
Design  Parameters 

Operating  Conditions 

Beam  Voltage  U.6kV 

Beam  Current  1.33  A  maximum 

Anode  Voltage  Adjustable  from  0  to  -7  kV 

Design  Features 

Four-cavity  interaction  circuit 

Stagger-tuned  with  resistive  loading  to  achieve  a  5-MHz 
passband 

Elecuon  gun  pervcance  1 .0  x  1 0~^ 

Cathode  emission  density  0.7  A/cnfi 

Cathode  material  Type  M 

Estimated  life  over  100,000  hours 
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VI.  REFERENCE 


Figure  1.  The  VKL-7811W  Klystron 
IV.  KLYSTRON  PERFORMANCE 

Typical  performance  characteristics  are  listed  in  Table  3. 
Performance  was  measured  for  various  values  of  anode 
voltage.  Biasing  the  anode  more  negative  with  respect  to 
ground  reduces  the  beam  current  and,  correspondingly,  the  rf 
output  power.  The  bandpass  characteristics  for  several  values 
of  anode  voltage  are  shown  in  Figure  2.  For  all  conditions,  the 
-1  dB  passband  greatly  exceeds  the  4.8  MHz  requirement. 


Table  3 

Typical  Performance  Characteristics 


Heater  Voltage 

6.0  V 

Heater  Current 

6.4  A 

Beam  Voltage 

11.6  kV 

Beam  Current,  Anode  at  Ground 

1.3  A 

Output  Power 

5.1  kW 

Drive  Power 

1.65  W 

Bandwidth  (-1  dB) 

5.5  MHz 

Cooling  (Water) 

Collector 

5gpm 

7  psi 

Body 

0.5  gpm 

2  psi 

Connections 

RF  Output 

1-5/8  rigid  coaxial 

RF  Input 

Type  N  coaxial 

The  power  control  characteristics  of  the  modulating  anode 
are  illustrated  in  Figure  3.  Beam  current  and  power  variation 
with  anode  voltage  are  shown. 


V.  CONCLUSION 

The  VKL-7811W  klystron  meets  all  performance 
requirements  for  accelerator  driver  service.  The  production 
status  at  the  end  of  March  1991  reports  delivery  of  72  tubes, 
with  production  continuing  at  13  tubes  per  month. 


[1]  E.W.  McCune,  “A  Klystron  Amplifier  to  Power  the  CEBAF 
Accelerator,"  1987  IEEE  Particle  Accelerator  Conference, 
Washington  D.C.,  March  1987. 
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Figure  2.  Bandpass  Characteristics 
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Figure  3.  Modulating  Anode  Control  Characteristics 
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■Abstract 

Slot-coupled  5-cell  rf  cavities  are  adopted 
for  SPring-8  (  Super  Photon  Ring  8GeV  )  booster 
synchrotron.  They  are  operated  at  508.58  MHz  with 
250  kW  CW  and  design^  to  have  1. 7X  of  coupling 
coefficient  and  niore  than  21  M  Q  /in  of  shunt 
Impedance.  A  mock-up  cavity;  made  of  class-1  oxygen 
free  Cu;  has  been  fabricated  for  high  power  tests 
with  a  1  W  klystron.  This  paper  represents  the 
structural  features,  the  thermal  analysis,  the  rf 
characteristics  including  higher  order  modes  and 
the  beam  instability. 

I .  INTRODUCTION 

The  rf  system  in  the  synchrotron  must  provide 
adequate  voltage  and  power  to  accelerate  electron  or 
positron  beam,  to  compensate  for  synchrotron 
radiation  losses  and  also  to  give  overvoltage  for  a 
.proper  beam  lifetime.  The  rf  power  is  mainly 
dissipated  at  cavity  wall,  since  the  maximum  beam 
current  is  only  about  10  mA.  The  design  requirement 
for  the  cavity  is  to  realize  a  high  shunt  impedance 
to  reduce  the  wall  losses.  So  that  a  multi-cell  type 
cavity  that  consists  of  5  cells  was  chosen.  The 
synchrotron  uses  508.  58  MHz  rf  system,  the  same 
frequency  that  will  be  used  for  the  storage  ring. 
Two  l-MHf  KEK-type  klystrons  will  be  used  in  the 
synchrotron.  The  rf  parameters  are  listed  in  Table  1. 


Table  1  The  rf  parameters  of  the  synchrotron 


Beam  energy  (Injection) 

1.0 

GeV 

(Extraction) 

8.0 

GeV 

Magnetic  bending  radius 

29.  539 

m 

rf  frequency 

508.  58 

MHz 

Harmonic  number 

672 

Repetition  rate 

1 

Hz 

Beam  current 

10 

mA 

Radiation  loss  at  8GeV 

12. 27 

MV/turn 

Overvoltage  factor 

1.48 

Maximum  required  voltage 

18.2 

MV 

rf  voltage  at  injection 

6 

MV 

Number  of  cavities 

8 

Synchrotron  frequency  at  8GeV 

32.7 

kHz 

Klystron  power 

1 

MW 

Number  of  klystrons 

2 

0-7803-0135-8/91S01.00  ©IEEE 
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n. STRUCTURE  OF  THE  CAVITY 

A. General  Description 

The  prototype  5-cell  slot  coupled  cavity  is 
shown  in  Fig.  1.  The  cavity  is  designed  to  operate  in 
the  ;rrmode  thus  a  cell  length  of  294.74  mm  is  equal 
to  a  half  wavelength  of  the  rf  frequency.  The 
adjacent  cells  are  inductively  coupled  each  other 
with  four  azimuthal  slots  in  a  common  disk.  Nose 
cones  are  shaped  on  disks  to  make  a  shunt  impedance 
higher.  Diameter  of  both  end  cells  are  slightly 
larger  than  that  of  inner  three  cells  to  realize  a 
flat  accelerating  field  distribution  called  as 
’flat-;r  mode  . 

The  material  of  the  cavity  is  class-1  oxygeii 
free  Cu  because  of  high  electrical  and  thermal 
conductivity  and  low  outgassing  rate.  The  computer 
code  ’SUPERFISH’  was  used  for  designing  the  cavity. 
Detailed  dimensions  were  determined  experimentally 
using  an  aluminum  model  cavity  [1]  .  The  cavity  is 
1700  mm  long.  The  inner  diameter  of  the  cavity  is 
about  430  mm.  The  bore  radius  is  40  mm. 


Figure  1.  Cross  sectional  view  of  .the  prototype  cavity 


B.  Water  cooling  channel 

Water  cooling  channels  run  azimuthal ly  inside 
the  disks  and  the  cylindrical  wall.  The  heat  load  of 
250  kW  on  the  inner  surface  of  the  cavity  is 
effectively  removed  through  direct  cooling  channels. 
A  water  flow  rate  for  a  whole  cavity  is  200  1/min. 

Each  disk  consists  of  two  half  disks.  After 
machining  the  cooling  channels  onto  the  one  side  of 
each  half  disk  as  shown  in  Fig. i,  both  of  them  were 
bonded  by  diffusion  under  high  temperature  and  high 
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.jnechanical  pressure.  Cylindrical  wall  and  ports  of 
the  cavity  were  at  first  sliced  into  short  pieces, 
in -which- water  cooling  channels  were  made  with  the 
above  technique.  After  precise  shaping  of  all  disks 
and  the  cylindrical  walls,  they  were  integrated  by 
means-  of  the  diffusion-bonding  with  thin  silver 
inserts.  The  use  of  silver  insert  can  reduce  the 
bonding  pressure  which  does  not  cause  a  serious 
deformafibh>on  the  cavity. 

Figure  2  shows  the  results  of  an  axisymmetric 
thermal  analysis  carried  out  by  using  the  computer 
code  ’NASTRAN’.  A  heat  load  distribution  on  the 
inner  surface  of  the  cavity  was  computed  by 
’SUPERFISH’.  Non-axisymmetric  structures  such  as 
the  slots  are  neglected  in  these  calculations.  The 
power  dissipation  and  water  flow  rate  per  cell  are 
50  kff  and  34  1/min,  respectively.  An  inlet 
temperature  of  the  cooling  water  was  assumed  to  be 
30  ’C.  and  temperature  rise  of  the  water  in  the 
cavity  was  taken  into  account. 

The  maximum  temperature  of  the  cavity  is  73®  C 
and  the  maximum  frequency  shift  due  to  thermal 
deformation  In  the  diameter  of  the  cavity  was 
estimated  to  be  about  -330  kHz  at  maximum.  This  is 
much  smaller  than  tuning  range  of  movable  tuners. 


seals  the  vacuum  of  rf  cavity.  Inner  wall  of  the 
ceramic  window  is  coated  with  TiN  6  nm  thick  to 
reduce  the  secondary  electron  emission.  This  type  of 
input  coupler  has  been  used  in  TRISTAN  of  KBK  for 
the  APS  cavity  with  the  maximum  input  power  of  300 
kW  [2]  . 

Four  spare  ports  at  the  top  of  the  cavity  are 
prepared  to  allow  adding  higher  order  mode  (HOM) 
dampers. 

ffl.RF  CHARACTERISTICS 
A.  Accelerating  mode 

The  measured  values  for  accelerating  mode  are 
listed  in  Table  2.  Figure  3  shows  an  electric  field 
distribution  of  the  accelerating  flat-nr  mode  along 
the  cavity  axis,  which  was  measured  by  perturbation 
method.  The  coupling  coefficient  K  is  defined  as  K 
=  2(  fO-fn:  )  /  (  f0+f;r  )  where  fO  and  f;r  are  rf 
frequency  of  0  and  n  mode.  The  coupling  coefficient 
of  1. 68%  seems  to  be  considerably  large  compared 
with  other  slot  coupled  type  cavities  [  3  ]  .  The 
shunt  impedance  per  unit  length  is  about  23  MQ/m 
which  satisfies  the  requirement  of  the  booster 
synchrotron. 


Figure  2.  Temperature  distribution 

In  a  quarter  cell  of  the  cavity 


C.  Tuner 

Each  cell  is  equipped  with  two  tuning  plungers 
with  diameter  of  70  mm.  One  of  them  is  the  fixed 
tuner  which  corrects  fabrication  errors.  The  other 
is  the  movable  tuner  by  which  the  thermal  detuning 
and  the  beam  loading  effect  are  dynamically 
compensated  during  operation.  All  of  the  five 
movable  tuners  are  driven  together  with  an  over  all 
stroke  of  70  mm. 

D.  Input  Coupler 

The  waveguide  mode  of  rf  power  (250kW)  is 
transformed  into  a  coaxial  mode  through  a 
cylindrical  window  of  95%  alumina  ceramic  which 


Table  2.  rf  characteristics  of  the  accelerating  mode 


rf  frequency 
Unloaded  Q  (  QO  ) 
Effective  shunt  Impedance 
Coupling  coefficient 
Tuning  range  of  tuners 


508.580  MHz 
29000 

23  MQ/m 

1.68 

1. 7  MHz 


Figure  3.  Field  distribution  of  the  accelerating  mode 
B,  Higher  Order  Mode 

Four  groups  of  mode  TMOlO,  TMOll,  TMllO  and 
TMlll  are  important  as  for  beam  instability. 
Therefore  these  mode  in  the  cavity  were  identified 
by  perturbation  method  and  their  characteristics  are 
shown  in  Table  3. 

As  for  TMOlO  mode,  R/QO  values  except  that  of 
n  mode  are  negligibly  small  because  their  transit 
time  factors  become  nealy  zero.  TMOlO  and  TMOll 
modes  have  longitudinal  coupling  impedance.  TMllO 
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ind.  TMHl  modes  have  transverse  one,  and  each  of 
these-  modes  are  split  into  horizontal  and  vertical 
modes  because  the.s'ymiiietry  of  each  cell  is  broken  by 
some. ports.  The  vertical  modes  of  TMllO  have  smaller 
QO  compared  with  the  horizontal  mode  because  their 
magnetic  fields  are  high  and  disturb^  at  the  vacuum 
ports.  TMlii  modes  have  no  field  at  the  center 
inirfor  plane,  and  the  effect  of  unsymraetfy  is  not 
strong.  Thus  their  mode  separation  between 
horizontal  and  vertical  is  not  clear. 

Table  3  rf  characteristics  of  the  HOM 


MODE 

Tilltli) 

Ql 

X/QKD) 

R(MQ) 

iii/t 

iii.i)i 

mil 

1 

1.1 

i«/i 

ilt.lll 

Mill 

1 

1.1 

TMill  i«/l 

ill.ill 

mil 

1 

1.1 

4ii/( 

IH.iil 

mil 

1 

S«/t 

Ml.llt 

iiiii 

nil 

II.I 

l«/l 

Ill.]li 

mil 

I 

1 

tui'l 

lii.ill 

mil 

It.t 

l.tt 

TMill  li/l 

ill.ill 

tint 

111.1 

1.11 

i«/i 

ill.ill 

mil 

n.i 

l.ll 

ii/l 

ill.ill 

mil 

n.i 

I.III 

l>/l 

ts4,tn 

III! 

111,1 

1.111 

i«/t 

111,111 

nil 

t»)  i«/i 

III. Ill 

nil 

in.i 

l.ll 

i«/i 

Ill.ill 

nil 

i.i 

I.III 

ii/i 

Ill.ill 

nil 

II,  1 

I.III 

TMIli 

l>/S 

Ill.ill 

inn 

iii.i 

II.I 

i«/i 

Ill.ill 

IIIII 

111,1 

II.I 

II.I 

( 1 )  ill/I 

Ill.ill 

inn 

111.1 

ii/i 

111,111 

inn 

n.i 

i,ni 

U/i 

111,111 

IIIII 

II.I 

I.II 

U/i 

Ill.ill 

IIIII 

nil 

I.II 

Ill.ill 

IIIII 

nil 

II.I 

u/i 

nil.  Ill 

nil 

11,1 

1,111 

llll.lll 

IIIII 

I.I 

III.I 

1,111 

TMill  t«/i 

llll.lll 

IIIII 

I.II 

llll.lll 

inn 

in.i 

II.I 

i«/l 

llll.lll 

inn 

11,1 

I.III 

llll.lll 

IIIII 

II.I 

I.III 

llll.lll 

inn 

III.I 

1.11 

I  ■•itiilMi  <• 


IV.  BEAM  INSTABILITY  DUE  TO  THE  CAVITY 

The  beam  spends  a  relatively  short  time,  less 
than  1  second,  in  the  synchrotron  and  the  maximum 
current  required  for  the  synchrotron  is  at  most  10 
mA  and  1  raA  for  multi-bunch  and  single  bunch 
operation,  respectively.  However,  the  beam  is 
injected  into  the  synchrotron  at  relatively  low 
energy,  1  GeY,  and  this  might  enhance  beam 
instability,  while  the  radiation  damping  time  is 
about  1  sec.  As  for  the  higher  order  modes  given  in 
Table  3,  numerical  estimation  of  the  beam 
instability  at  the  injection  energy  was  carried  out 
using  the  computer  code  ZAP. 

At  1  GeV  the  injected  beam  has  a  momentum 
spread  about  1. 5%  so  that  the  threshold  current  of 
the  longitudinal  microwave  instability  is  quite 
high,  in  Fig.  4,  the  rf  voltage  dependence  of  the 
single  bunch  threshold  is  shown.  The  threshold 
current  per  bunch  is  10. 9  raA  at  an  rf  voltage  of  6 
MV.  This  instability  at  injection  is  not  expected. 


np  tMV) 


Figure  4.  rf  voltage  dependence  of  the  threshold 

current  of  microwave  instability  at  1  GeV 


V.  CONCLUSION 

The  rf  characteristics  of  the  cavity  for 
SPring-8  booster  synchrotron  were  measured.  Flat-^ 
mode  was  realized  by  adjusting  the  fixed  tuner.  The 
shupt  impedance  meets  the  requirement  of  the  booster 
synchrotron.  As  a  result  of  the  calculation  by  the 
ZAP  code,  some  cures  might  be  necessary  to  suppress 
transverse  coupled  bunch  instability. 
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The  growth  time  of  the  head  tail  instability 
is  as  short  as  10  msec  for  the  single  bunch 
operation.  It  is  necessary  to  correct  the 
chromatid ty  in  the  synchrotron  with  sextupole 
magnets. 

The  growth  time  of  the  longitudinal  coupled 
bimeh  instability  predicted  by  ZAP  are  in  the  order 
cl  seconds.  The  instability  will  be  easily 
suppressed  by  stronger  radiation  damping  during  beam 
acceleration. 

The  growth  time  of  the  transverse  coupled 
tiunch  instability  predicted  are  about  10  msec.  The 
instability  can  be  suppressed  by  a  tune  spread  in 
the  order  of  10 


709 


Status  Report  on  the  ELETTRA  R.F.  System. 


A.  Massarotti 

Sincrotrone  Trieste  and  Dipart.  di  Fisica,  Universita'  di  Trieste 
G.  D'Aiiria,  A.  Fabris,  C.  Pasotti,  C.  Rossi,  M.  Svandrlik 
Sincrotrone  Trieste,  Padriciano  99 
34012  Trieste,  Italy 


Abstract 

The  results  of.the  R.F.  system  development  are  presented. 
A  complete  power  plant  has  been  tested  on  a  dummy  load.  The 
cavity  feedthrough  has  been  developed  and  the  progress  work 
on  the  acceleraUng  cavity  is  described. 

I.  INTRODUCTION 

ELETTRA  is  a  Synchrotron  Light  Source  under 
construction  in  Trieste  (Italy)  working  with  beam  energies  in 
the  range  from  1.5  and  2  GeV.  It  will  be  constituted  of  a  full 
energy  linac  directly  Injecting  the  electrons  in  the  storage  ring. 

Four  cavities  at  1.5  GeV  (six  at  2  GeV)  operating  at 
499.654  MHz  will  be  installed  in  the  storage  ring  [1].  Each 
one  will  be  fed  by  a  separate  independent  plant  providing  up  to 
.60  KWcwRF  power  (fig.  1). 

II.  RF  POWER  SYSTEM  STATUS 
A.  Power  Plant. 

The  power  amplifier  prototype  supplied  by  TVT 
Cambridge  U.K.  has  been  installed  in  the  laboratory.  A 
complete  power  plant  has  been  assembled  using  for  the 
measurements  at  60  KW  a  dummy  load  instead  of  the  cavity. 


All  the  prototypes  of  the  components  (circulator,  6  1/8" 
cables,  directional  couplers,  etc) ,  which  arc  foreseen  for  the 
definitive  installation  in  the  storage  ring,  have  been  tested  at 
full  output  power  with  satisfactory  rwults.  This  power  plant 
will  be  used  as  a  test  facility  for  the  measurement  of  all  the 
components  before  their  installation  in  tlic  machine. 

B.  RF  Cavity. 

The  Elcttra  500  MHz  cavity  has  a  smooth  shape,  with  a 
radius  of  263  mm  and  an  axial  length  of  302.6  mm.  [2].  The 
measured  resonating  frequency  is  500.1  MHz.  The  measured  Q 
value  is  42000,  which  with  a  measured  R/Q  of  167  Ohm  leads 
to  a  Rsh  of  7.0  MO.  (Rjh  =  Vgap^/2P) 

The  cavity  will  be  tuned  by  means  of  a  mechanical  tuner 
acting  on  the  length  L  of  the  cavity.  The  prototype  structure 
for  the  mechanical  tuning  system  has  been  realized  and  tested 
on  the  cavity  for  Elcttra.  The  variation  of  resonant  frequency 
obtained  is  8  KHz  for  one  hundredth  of  mm.  of  compression 
or  stretching.  This  is  in  good  agreement  with  the  computer 
simulation  results  [2].  Since  the  maximum  frequency  shift 
needed  in  order  to  compensate  the  beam  loading  is  58  KHz  at 
1.5  GeV  or  82  KHz  at  2  GeV,  roughly  one  tenth  of  mm.  of 
variation  in  axial  length  will  be  sufficient  to  cover  all  this 
range  (fig.  2). 


fig.l  Block  Diagram  of  the  RF  Power  Plant. 


0-7803-0135-8/91S01.00  ©IEEE 
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Figure  2.  Cavity  with  mechanical  tuning  and  cooling  pipes. 


The  first  prototype  of  the  cavity  provided  with  cooling 
system  has  been  constructed.  In  order  to  cany  off  up  to  36 
KW,  which  is  the  estimated  maximum  wasted  power  in  the 
cavity,  the  needed  waterflow  is  180  lit/min.  The  water  input 
temperature  can  be  varied  for  tuning  purposes  between  32  and 
52  °C:  the  temperature  difference  between  input  and  output  is 
less  than  5  ®C. 

The  cavity  has  been  tested  in  air  with  the  power  plant.  The 
input  power  was  raised  up  to  26  KW  (which  corresponds  to  a 
gap  voltage  of  about  600  KV)  without  any  sparking. 

C.  Low  Level. 

The  low  level  control  of  the  cavity  will  be  made  of  a  slow 
mechanical  tuning  system  and  a  faster  electronic  phase  loop. 
An  advanced  prototype  of  the  first  one  has  been  assembled  and 
tested  on  the  Elettra  cavity.  The  satisfying  results  obtained 
show  that  the  resonant  frequency  of  the  cavity  can  be  kept  at 
1200  Hz  from  the  operative  one.  The  tuning  speed  is  200 
Hz/sec. 

The  fast  electronic  phase  control  system  has  been  designed 
and  tested  on  bench,  operating  on  a  500  MHz  pill-box  cavity, 
with  a  response  time  better  than  5  psec  for  1®  of  phase 
variation. 

The  low  level  distribution  system  has  been  designul.  The 
reference  signal  which  is  provided  by  the  machine  main  clock 
will  be  first  amplified  and  then  splilted  in  eight  independent 
channels;  four  of  them  will  be  used  to  drive  the  RF  plants. 

III.  The  h.o.m.  suppressor  for  the  elettra 

R.F.  CAVITIES 

A.  The  waveguide  suppressor 

The  beam  characteristics  of  the  ELETTRA  synchrotron 
light  source  [1]  require  an  adequate  damping  of  the  H.O.M. 


spectrum  of  the  RF  cavity,  despite  the  open  profile  chosen  for 
the  cavity  [2],  in  order  to  avoid  multibunch  instabilities  [3]. 
Therefore  the  RF  cavities  should  be  provided  with  H.O.M. 
suppressors.  In  many  other  laboratories  'dedicated'  devices  have 
been  developed,  in  order  to  damp  some  particular  dangerous 
modes  [4],  [5],  as  well  as  broad-band  couplers  [6].  Anyway,  a 
total  damping  of  the  H.O.M.  hasn't  been  yet  obtained;  and,  to 
prevent  instabilities,  active  feedback  systems  are  foreseen,  for 
example  in  ALS  [6]. 

The  concept  of  broadband  damping,  with  the  final  goal  of  a 
total  suppression  of  the  H.O.M.  spectrum  has  been  developed 
for  the  Elettra  cavities.  Our  basic  idea  has  been  to  couple 
waveguides  directly  to  the  cavity,  through  large  coupling 
apertures.  The  waveguides  have  a  dominant  mode  cut-off 
frequency  quite  above  the  resonant  frequency  of  the  cavity 
accelerating  mode,  but  below  that  of  the  first  H.O.M.;  they  are 
terminated  on  matched  terminations.  In  this  way  the  H.O.M. 
power  excited  by  the  beam  can  flow  through  the  apertures  to 
tlte  dummy  loads,  while  the  accelerating  mode  power  is 
confined  into  the  resonant  cavity. 

To  evaluate  the  performance  of  such  a  suucture  we  chose  a 
pill-box  cavity  which  has  the  great  advantage  of  a  geometry 
simpler  than  the  Elettra  cavity  one.  First  we  studied  a  scaled 
prototype  in  the  S-band.  Since  the  results  have  been 
encouraging  we  went  on  with  a  500  MHz  prototype,  which 
confirmed  these  good  results  [2],  [7], 

At  the  conclusion  of  the  preliminary  tests  with  this  cavity, 
the  performance  of  the  suppressor  has  been  increased,  also 
with  the  support  of  MAFIA  simulations,  by  choosing  the 
most  convenient  shape  and  size  of  the  coupling  aperture. 


Figure  3.  Cavity  with  prototype  of  the  waveguide  suppressor. 


Then  we  studied  the  problem  of  the  coupling  of 
waveguides  to  the  Elettra  cavity.  The  resulting  geometry  is 
rather  complex,  hence  the  CPU-time  limitations  haven't 
allowed  us  to  perform  a  complete  simulation  with  MAFIA. 
Nevertheless,  a  first  coupling  geometry,  with  a  coupling 
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aperture  of  75  mm,  has  been  designed  with  MAFIA.  The 
damping  effect  was  not  satisfactory,  hence  the  suppressor  has 
been  further  developed  with  a  cut  and  try  method  in  the 
laboratory,  by  enlarging  the  aperture,  changing  its  shape  and 
giving, different  inclinations  to  the  waveguide.  Despite  the 
mechanical  difficulties,  mainly  due  to  the  particular  geometry 
of  our  cavity,  we  finally  obtained  a  configuration  with 
satisfying  coupling;  it  is  shown  in  Figure  3.  In  the  cut  section 
the  aperture  has  a  square  shape  with  a  diagonal  size  of  230 
mm,  the  inclination  angle  is  50°. 

B.  The  H.O.M.free  structure 

Up  to  this  point  only  one  waveguide  has  been  coupled  to 
the  cavity.  This  could  be  ep'^ugh  for  monopole  (longitudinal) 
modes,  which  have  no  ai  >,  hal  variations  and  thus  have  no 
preferred  polarization.  Bu*  ipole  modes,  which  are  responsible 
for  transverse  instabilities,  have  one  azimuthal  variation  and 
are  allowed  to  have  more  polarizations  in  the  cavity. 
Therefore,  with  only  one  waveguide,  there  is  still  one  dipole 
mode  polarization  trapped  into  the  cavity,  typically  with  the 
magnetic  field  maximum  at  90°  from  the  aperture. 


cavity,  rotated  by  an  angle  of  90°  from  the  first  one;  the 
coupling  aperture  should  be  just  the  same  for  the  two 
waveguides. 

This  final  configuration  has  been  tested  at  our  laboratories. 
Its  effectiveness  can  be  easily  seen  by  comparing  the  damped 
and  undamped  mode  spectrum  in  figure  4.  Since  the  Q  values 
of  the  few  resonances  measured  in  the  damped  cavity  arc 
strongly  reduced,  the  scale  in  figure  4b  is  enlarged  by  a  factor 
200.  The  resonance  around  950  MHz  comes  out  in  the  new 
resonating  suucturc  and  should  not  be  mistaken  for  the  first 
longitudinal  (L2)  H.O.M.,  that  seems  to  be  completely 
damped.  Practically  all  H.O.M.  are  eliminated,  while  the 
fundamental  mode  is  still  useful  for  accelerating  purposes 
(0=26000,  Rsh=3.8  MO). 

It  is  to  be  noted  that,  coupling  two  waveguides  at  90°  to  a 
resonant  cavity,  we  obtain  an  asymmetrical  structure.  The 
accelerating  electric  field  could  be  consequently  distorted. 
Preliminary  calculations  show  that  the  distortion  can  be 
compensated  by  locating  two  cavities  close  to  each  other,  but 
rotated  by  180°  and  decoupled  through  200  mm  long,  50  mm 
diameter  drift  tubes.  A  second  solution  is  to  leave  the  cavities 
in  their  present  position,  but  with  adequate  rotation  angles  [8]. 


Figure  4b.  Damped  cavity  modes  spectrum  (scaled  by  200). 

In  order  to  have  a  completely  H.O.M.  free  sbucture  it  is 
then  straightforward  to  couple  a  second  waveguide  to  the 


IV.  Conclusions 

The  cavity  will  be  tested  under  vacuum  at  the  design  gap 
voltage  before  next  summer.  The  cavity  tuning  system,  the 
phase  control  system  and  the  RF  signal  dispibution  system 
are  cither  already  tested  or  in  advanced  design  status. 

In  order  to  produce  a  H.O.M.  free  cavity  to  be  mounted  on 
the  ElctPa  Storage  Ring,  the  engineering  of  the  prototype  is 
now  foreseen.  Along  with  this  we  are  studying  the  behaviour 
of  this  suppressor  with  a  pill-box  cavity  with  nose-cones. 
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1.  Introduction 

The  requirement  for  some  of  the  components  de- 
s^dhed  in  this  paper  began  with  the  Relativistic  Klystron 
program  done  in  collaboration  with  LLNL  and  LBL.  This 
effort  culminated  in  a  klystron  operating  at  11.4  GHz  de¬ 
livering  330  MW  into  a  pair  of  high-gradient  accelerating 
structures  [Ij.  The  electron  beam  for  this  klystron  was 
formed  in  a  1  MeV  induction  linac  at  a  very  low  duty  cy¬ 
cle.  The  subsequent  RF  source  development  work  at  SLAG 
for  the  Next  Linear  Collider  utilized  some  of  these  compo¬ 
nents,  and  required  further  and  new  development  of  oth¬ 
ers,  to  v/ork  reliably  at  higher  average  power  (2). 

2.  RF  Windows 

Perhaps  the  most  critical  component  is  the  high-power 
RF  window.  The  fir^i  window  used  at  high  power  was  a 
standard  “pillboy”  design  that  is  broad-band  and  requires 
no  additional  matching  elements,  other  than  that  provided 
by  the  symmetrically  located  .steps  from  rectangular  to  cir¬ 
cular  waveguide  at  each  end  of  the  circular  pillbox.  The 
27-mm  diameter  alumina  ceramic  in  the  X-band  version  of 
this  window  is  very  thin  physically  (about  0.8  mm),  and  is 
therefore  fragile  and  diflicult  to  braze.  This  thi'.  window 
had  several  drawbacks.  The  braze  of  the  metallized  edge 
to  the  I  opper  sleeve  was  not  always  successful.  Those  tliat 
surviv  ;d  the  initial  brazing  operations  would  sometime  fail 
lat'’,  during  the  crush-seal  flange  tightening  process,  or 
ill  bake.  TIi-  performance  of  the  thi<i-window  high-peak 
power  was  usually  satisfactory  for  very  short  RF  pulses, 
but  puncturing  and  fractures  occurred  above  25  MW  at 
puloc  widths  in  the  100  to  800  nsec  range. 

A  thicker  ceramic  design,  and  perhaps  one  with 
larger  diameter  as  well,  appeared  to  be  necessary.  Half¬ 
wave  windows  are  narrow-band  by  themselves,  but  can  be 
broad-banded  using  various  techniques  (3).  TiVajiped  ghost- 
mode  resonances  are  always  of  concern  with  a  thic!:  ce¬ 
ramic.  Special  care  must  be  taken — by  i*v>o<jing  a  auit- 
able  combination  of  diameter,  thickne.ss,  and  dielectric 
constant — so  that  these  trapped  resonant  frequcnc'es  are 
not  located  near  the  ojierating  frequency. 

An  alumina  window  with  an  electrical  thickness  of 
0.43  A'  and  the  same  diameter,  but  lower  RF  electric  field 
for  a  given  power,  as  in  the  tliin  window  described  above, 
was  chosen  and  is  shown  in  Fig.  1.  This  design  uses  two 
symmetrically  located  inductive  elements,  in  addition  to 
the  pillboy  transitions,  to  accomplish  the  broad  band  re¬ 
sponse  where  the  VSWR  <  1.50  over  10%  and  <1.10  over 
5%  bandwidth.  The  dimensions  were  chosen  primarily  to 
avoid  ghost-mode  resonances,  but  the  electrical  thi'-kness 
was  also  chosen  based  on  earlier  experience  of  others  in 
broad-banding  thick  windows  that  were  not  ex<actl\  Aj/2. 
The  design  optimization  was  done  using  a  model  based 
on  cascading  cquivalciu  circuit  elements  and  transiinssioii 
line  sections.  The  ghost-mode  problem  is  not  taken  ini  • 
account  in  the  model,  and 's  determined  in  a  separate  cir 
cuiation. 

At  tins  writing  we  have  had  no  failures  of  this  3.7  mm 
thick,  T;-mm  diameter  window;  but  it  is  fill  that  as 
we  pusii  higher  in  peak  power,  the  surface  electric  fields 
stresses  at  some  point  will  be  too  great  and  breakdown 
will  occur.  A  larger,  47-mm  diameter  window  has  been  de¬ 
signed  that  has  a  frequency  response  similar  to  that  of  the 
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Figure  1.  Thick  (3.7  mm)  pillbo.x  window  witli  broad¬ 
banding  elements. 


Figure  2.  Large  diameter  (2ii  =  47  mm)  window. 

27-min  diameter  window.  It  employs  similar  broad-banding 
techniques  and  uses  circular  26'*  tapered  sections  to  the  larger 
diameter.  However,  the  47-mm  diameter  portion  of  the  waveg¬ 
uide  can  ;,upport  a  total  of  five  modes  outside  the  dielectric, 
which  may  cause  problems.  This  latest  design»  shown  in  Fig.  2, 
has  not  yet  been  tested. 

5.  Couplers,  Magic  Toes,  and  High-Power  Loads 

It  was  felt  that  cro.ss  guide,  directional  couplers  of  the 
Moreno  type  would  be  more  susceptible  to  electric  field  break¬ 
down  than  some  of  the  sidewall  designs.  For  measuring  high- 
peak  power,  a  broad-band  sidewall  coupler  w.i.s  designed,  using 
an  array  of  five  circular  holes,  with  RF  voltage  coupling  factors 
b.ased  on  binomia’  coelficients.  The  nominal  coupling  ratio  of 
this  design  is  5C  dli,  and  the  directivity  is  typically  35  to  40  dB, 
'I'hc  match  of  the  RF  windows  used  on  the  secondary  arms  de¬ 
termine  the  overall  directivity.  For  speci.al  applications  where 
a  high  directivity,  broad-band  coupler  with  much  tighter  cou¬ 
pling  is  rciiuired  it  was  necessary  to  go  to  it  much  longer  side- 
wall  design.  A  10  dL  design  uses  an  arr.ay  of  31  holes  with  RF 
voltage  coupling  factors,  based  on  TchebychelT  coefficients  [4]. 
This  design  was  used  as  tiie  input  bridge  coupler  lot  the  Trav¬ 
elling  Wave  Resonator  (TWR)  described  later. 

A  conventional  magic  tec  was  designed  to  be  used  either 
as  a  power  splitter  or  power  combiner.  A  singlc'-eiided  induc¬ 
tive  post  (2.54  mm  diameter,  with  a  s])herical  end)  placed  in 
the  throat  of  the  junction  provides  btoad-banJ  matching  for 
the  H  arm  An  indiictivi.  post  also  provides  the  iiiatchiiig 
for  the  E  arm,  but  over  a  iiukIi  narrower  bandwidth.  When 
used  as  a  power  splitter,  the  unused  E  arm  is  usually  shorted. 
'File  corners  in  the  junction  that  arc  e.tposed  to  high-RF  elec 
trie  fields  have  a  ~  1  mm  radius.  No  RF  breakdown  Ims  been 
experienced  in  these  devices. 

The  first  high-power  load  to  be  put  into  operation  was 
a  0  75  \'g  alumina  ceramic  disk  85  min  in  di  meter  separat¬ 
ing  a  water  chamber  from  the  waveguide  vacuum.  E.xtra  care 
(unnecessary  as  it  turned  out)  was  taken  to  avoid  overmoding 
by  tapering  from  27  to  85  mm  in  diameter  over  an  electrical 
distance  of  about  1C  wavelengths.  This  load  worked  very  well 
over  a  very  narrow  band  but  had  to  be  re-tuned  to  operate 
at  frequencies  only  1  or  2%  away  from  the  center  frequency. 
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The  narrow  bandwidth  was  due  to  the  line  length  effect  be¬ 
tween  the  ceramic/water  mismatch  (VSWR  ~  3)  and  correc¬ 
tive  matching  located  some  16  wavelengths  away  in  the  WIl  90 
rectangular  waveguide  portion  to  avoid  the  possibility  of  mode 
conversion. 

The  solution  to  the  narrow  bandwidth  problem  appeared 
at  first  to  be  a  long,  tapered,  lossy  metal,  water  cooled  load  that 
required  no  matching  elements.  Such  a  load  was  designed  and 
built  using  type  430  stainless  steel.  The  cross-sectional  a  and 
b  dimensions  were  tapered  through  cutoff  over  approximately 
2  meters  so  that  the  power  lost  per  unit  length  and  the  maxi¬ 
mum  RF  electric  field  were  approximately  constant  throughout 
its  length.  The  match  over  a  broad-band  of  this  tapered  load 
was  good  but  it  had  several  drawbacks.  The  pumping  speed  of 
the  smalt  cross-section  required  that  several  ion  pumps  be  dis¬ 
tributed  along  the  length  of  the  load.  The  original  design  con¬ 
struction  had  the  four  tapered  sides  welded  rather  than  bra2cd 
together.  There  were  likely  some  unwanted  gaps  at  the  corners, 
possibly  trapping  contaminants  at  high  current  joints,  result¬ 
ing  in  excessive  gassing  and  some  RF  breakdown. 

Tapering  through  cutoff  has  some  dis.idvantages.  The  RF 
electric  field,  constant  along  most  of  the  load  by  design,  rises 
at  the  region  near  cutoff  as  the  impedance  becomes  infinite  and 
then  imaginary  moving  through  cutoff.  If  we  were  to  improve 
on  this  design  we  would  have  the  cross-sectional  dimensions 
stop  short  of  cutoff  at  the  tip  and  still  maintain  approximately 
constant  dP/dz  and  maximum  electric  field  along  its  length. 
All  joints  conducting  RF  current  would  be  brazed  rather  than 
welded. 

The  most  promising  high-power  RF  load  design  appears 
to  be  a  much  more  compact  version  of  the  quarter  wave  ce¬ 
ramic/water  load.  This  load  is  sufficiently  broad-band  (VSWR 
<  1.50  over  7%  and  <  1.10  over  2.6%)  and  is  shown  in  Fig.  3. 
A  0.75  Aj  thick  alumina  disk,  47  mm  in  diameter  separates  wa¬ 
ter  from  vacuum  in  the  same  manner  as  the  longer,  larger,  nar¬ 
row  band  version  described  earlier.  The  mltimate  energy /pulse 
capability  is  about  one  third  that  of  the  larger,  narrow-band 
\ersion  but  the  very  broad-band  feature  niakea  it  more  attrac¬ 
tive  overall.  Two  of  these  loatls  connected  to  a  power  splitter 
will  be  used  for  future  100  MW  klystron  experiments.  A  single 
unit  will  be  used  as  the  dummy  load  for  the  Travelling  Wav . 
Resonator  described  later. 

4.  RF  Criish-Serrl  Flanges  and  Waveguide  Piiuipuiits 

Crush-seal  flanges,  both  rectangular  and  circular,  have 
been  developed  to  operate  at  peak  power  levels  in  excess  of 
100  MW.  The  inner  surfaces  have  been  copper  plated  where 
RF  losses  are  of  great  concern,  such  as  in  the  TWR  resonant 
Loop.  I  hese  flanges  must  be  mass-speetroniete-r  le-ak-tight  to  a 
helium  sensitivity  of  2  x  10”’°  standard  atrn  cc/sec  helium,  and 
must  be  bakeable  to  550°C  for  time  periods  e-xceeding  one  week. 
Annealed  OFE  copper  gaskets  are  used  for  the  sealing  media. 
A  unique  s  -lution  has  been  applied  to  avoid  diffusion  bonding 
of  the  copper  gaskets  to  stainless  surfaces  during  bake  cycles 


The  copper  gaskets  are  coated  with  a  ~  50  A  layer  of  titanium 
nitride  (TiN)  by  reactive  sputtering.  This  hard  TiN  coating 
does  not  bond  to  the  stainless  surfaces  under  bakeout,  which 
makes  for  easy  disassembly  of  the  flange  after  bakeout.  These 
flange  designs  are  similar  to  earlier  seal  designs  developed  at 
SLAC  in  the  early  1960’s  by  Merdinian.  They  are  relatively  in¬ 
sensitive  to  small  imperfections  in  the  copper  gasket  surfaces, 
and  to  edge  rollovp-  iue  to  annealing  of  stainless  steel  by  graz¬ 
ing.  The  copper  gaskets  are  easily  punched  from  sheet,  and  arc 
always  annealed  before  use. 

A  serious  problem  with  X-Band  waveguide  is  its  poor  vac¬ 
uum  conductance.  A  meter  of  waveguide  has  a  conductance  f'*' 
less  than  0.7  1/sec.  It  was  necessary  to  place  small  ion  pir 
1/scc)  relatively  close  together — approximately  one  every  j  me¬ 
ters  of  waveguide — to  maintain  pressures  low  enough  to  avoid 
RF  breakdown  in  the  waveguide  when  operating  at  high-peak 
power.  In  order  to  maximize  the  pumping  speed  in  this  size 
waveguide,  a  pumpout  was  constructed  using  a  1.5-in  OD  tubn- 
lation,  slotted  on  two  sides,  so  as  to  envelope  a  15-cni  section 
of  waveguide  containing  a  total  of  264  pumpout  holes,  each 
1.3  mm  in  diameter  .  The  size  of  these  pumping  holes  was  a 
tradeoff  between  adequate  RF  rejection  at  11.4  GHz  and  pump¬ 
ing  speed.  The  effective  net  condiictaiiLc  of  the  entire  pumpout 
structure  is  about  7  1/sec,  and  the  measured  RF  loss  is  equiva¬ 
lent  to  about  30  cm  of  WR  90  copper  waveguide. 

5.  High  Power  Traveling  Wave  Resonant  Ring 
Utilizing  Variable  Timers  and  Phase  Shifter 

The  RF  electric  field  breakdown  limit  on  conventional 
X-baiid  components  is  not  iisnally  known.  Our  experience 
with  high-vaciiiim  waveguide  RF  seals,  RF  windows,  direc¬ 
tional  couplers,  and  ccramic/watcr  loads  has  been  in  the  rela¬ 
tivistic  klystron  program,  wiiere  the  RF  pulse  width  was  only 
50  nanoseconds  and  the  pulse  repetition  rate  was  1  or  2  pps. 
The  breakdown  limit  on  most  of  the  components  developed 
thus  far  had  not  been  reached  under  those  conditions.  Trav¬ 
eling  Wave  Resonators  (TWR’s)  have  been  used  primarily  to 
test  RF  windows,  but  also  to  test  other  low  loss  eomponents  at 
power  levels  higher  tiian  RF  sources  are  capable  of  producing. 
An  S  band  TWR  has  been  in  operation  at  SI.AC  since  1962  to 
test  RF  windows  power  levels  as  high  as  200  MW. 

A  TWR  designed  to  operate  at  11.424  GHz  has  been  built 
to  test  windows  and  other  components  at  peak  RF  power  levels 
ill  the  100  to  300  MW  range.  At  this  writing  this  TWR  is  under 
vacuum  and  awaiting  one  of  the  100  MW  klystrons  which  will  be 
used  as  the  driving  source  [5].  The  TWR  has  been  thoroughly 
tested  at  cold-test  power  levels,  and  is  shown  in  Fig.  4.  The 
.specifications  for  this  TWR  are  shown  in  Table  1. 

Operation  at  a  precise  frequency  may  be  desired  at 
times.  The  high-power  waveguide  resonant  loop  incorporates  a 
squeeze-type  phase  shifter  that  is  used  to  make  minor  correc¬ 
tions  in  the  TWR  resonant  frequency  because  of  temperature 
changes  Gross  changes  in  resonant  freqiuncy  iniist  be  made  by 
rcpiaciliga  pair  of  short  waicgtiidc  spool  pieces  with  another  set 
..f  a  slightly  different  length,  based  on  calculation.  Test  pieces 
of  a  different  electrical  length  will  require  a  similar  change. 
The  squeeze  ty  pe  phase  shifter  has  16  cm  long  slots  centered  in 
the  broadwalls  of  the  copper  WR  90  waveguide,  with  vacuiiin 
pumping  on  both  sides  of  each  slot  The  slot  vacuum  chambers 
are  designed  with  dimensions  so  that  they  arc  anti  resonant  to 
unwanted  RF  coupled  through  the  slots  There  is  a  micrometer 
control  of  the  cutoff  wavelength  and  resulting  phase  shift  over  a 
range  of  i30°,  which  corresponds  to  a  TWR  resonant  frequency 
change  of±C  MHz  .All  of  the  waveguide  parts  in  the  high  power 
loop  portion  of  the  TWR  are  water  cooled,  to  dissipate  heat 
and  for  tenipci.iture  stability.  1  here  are  no  plans  at  this  stage 
to  Use  a  feedback  control  system  for  tcinpciature  stabilization 
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Figure  4.  Tunable  traveling-wave  resonator. 
Table  1.  TWR  Parameters 


Expected  TWR  power 

100  to  300  MW 

Source  power 

10  to  30  MW 

Resonant  loop  length 

340  cm 

Number  of  wavelengths 

106,  at  11.424  GHz 

Input  coupler  ratio 

10.1  dB 

Separation  between  resonances 

71.5  Mhz 

Measured  cold  gain 

11.0  dB 

One-way  loss  in  loop 

0.354  dB 

Varable  phase-shifter  range 

±30®  (±6  MHz) 

Six-element  tuner  range 

r  <  0.05  any  ph.ase 

Loaded  Q 

5500 

Voltage  time  constant 

0.153  ;iscc 

Resonance  coupling  coefficient 

1.23 

The  extremely  critical  residual  mismatch  problem  afflict¬ 
ing  TWR.’s  is  handled  by  a  variable  tuner  section,  with  six  mov¬ 
able  diaphragms  in  the  broadwall.  This  device  will  be  used  to 
tune  out  residual  mismatches  up  to  an  aggregate  IP]  of  about 
0.05  in  the  resonant  loop,  Even  a  small  mismatch  can  cause  a 
serious  deterioration  in  the  overall  gain  of  a  TWR,  as  well  as 
cause  the  buildup  of  a  backward  wave,  resulting  in  a  much  larger 
mismatch  at  the  input  to  the  TWR  as  seen  by  the  klystron 
driver.  For  example,  in  this  TWR  a  net  voltage  reflection  co- 
effleient  of  0.05  in  the  ring  results  in  a  reduction  in  power  gain 
of  about  40%,  and  an  input  reflection  coeffleient  seen  by  of  the 
klystron  of  nearly  0.50  (VSWR  of  3:1).  The  resonance  curve 
of  the  forward  wave  for  the  loss  and  coupling  parameters  of 
this  TWR  becomes  double-peaked,  for  an  aggregate  residual 
reflection  greater  than  IF]  =  0.0428.  Figures  5  and  6  show  the 
theoretical  elTect  that  residual  mismatches  have  on  the  power 
gain  and  the  input  reflection  coefficient,  as  functions  of  fre¬ 
quency.  It  is  interesting  to  note  that  the  backward  wave  reso¬ 
nance  does  not  become  double  peaked  until  the  loop  mismatch 
e,xceeds  |r|  ■=  0.088,  where  both  it  and  the  input  reflection  be¬ 
come  doub.  --peaked  [6]. 

The  maximum-peak  power  of  the  TWR  will  probably  be 
limited  by  the  device  under  test,  which  will  usually  be  an  RF 
window.  The  other  critical  component  in  the  TWR  will  be  the 
phase  shifter.  Should  it  happen  that  the  breakdown  threshold 
of  the  phase  shifter  is  lower  than  that  of  the  device  under  test, 
the  phase  shifter  will  be  replaced  by  a  straight  section  of  waveg¬ 
uide,  and  the  ring  kept  on  resonance  by  adjusting  the  frequency 
of  the  source  driving  the  klystron. 

There  are  viewports  on  each  bend  that  are  used  to  ob¬ 
serve  activity  on  the  window  under  test,  and  to  help  determine 
if  there  is  any  RF  breakdown  occurring  in  the  phase  shifter, 
tuners,  or  couplers.  The  entire  ring  is  made  of  copper,  with 
stainless  steel  c^qsh-seal  RF  flanges  that  have  copper  plated 
RF  conducting  surfaces.  Six  ion  pumps  art  distributed  around 
the  resonant  loop,  and  another  six  ion  puukps  art  used  on  the 
lower-power  waveguide  feed  lines. 


I  -  Effect  of  loop  mismatch  on  TWR  gain. 


Frequency  (GHz) 


Figure  6.  Effect  of  loop  mismatch  on  input  mismatch  seen 
by  klystron. 

C.  Conclusions 

At  this  writing  the  variable  phase  shifter  and  tuners  for 
the  TWR  and  the  compact  version  of  the  0,75  wavelength  ce¬ 
ramic  water  load  have  not  been  high-power  tested.  The  cold- 
test  measurements  on  all  these  devices  agree  v/ith  theory,  but 
their  peak-power  handling  capability  remains  to  be  demon¬ 
strated.  The  theoretical  design  of  the  47-mm  diameter,  thick 
RF-output  window  has  not  yet  been  satisfactorily  confirmed. 
The  27-miu  diameter  thick  window  has  performed  well,  but  has 
not  yet  been  pushed  to  the  high-peak  and  average  power  levels  , 
where  it  is  expected  to  perform  reliably.  The  TWR  is  expected 
to  be  a  useful  tool  to  determine  the  RF  breakdown  threshold  of 
these — and  perhaps  other  transmission  devices  that  have  low 
loss  and  short  filling  times. 
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We  relate  the  parameters  of  detuned  standing  wave 
(SW)  and  non-synchronous  beam  travelling  wave 
(TW)  accelerating  cavities  of  equivalent  equilibrium 
performance  when  used  to  compensate  for  radiation 
and  parasitic  energy  losses  by  electrons  circulating  in 
a  high  energy  electron  storage  ring. 

The  relationship  is  expressed  in  terms  of  the  coupling 
parameter  /?  and  cavity  tuning  angle  V'  of  the  TW 
accelerator’s  equivalent  SW  system.  A  given  TW 
cavity  corresponds  to  a  standing  wave  system 
possessing  specific  settings  of  /3  and  yp.  This  is 
shown  for  the  constant  impedance  TW  waveguide, 
for  which  0  and  ^  can  be  expressed  as  explicit 
functions  of  TW  cavity  length  1,  attenuation  factor  1, 
RF  electric  field  phase  velocity  Vp,  and  shunt 
impedance  r.  Coupling  parameter  0  depends 
additionally  on  SW  cavity  shunt  impedance  R. 

The  basis  we  have  used  for  formulating  the 
equivalence  of  the  two  systems  follows  Travelling 
Wave  Cavity  Non-SynchronousBeam  Loading  theory 
developed  by  G.  A.  Loew'  and  Standing  Wave  Circuit 
Analysis  theory  as  described  by  P.B.  Wilson?. 

1 .  Cavity  Voltage  Vectors. 

The  cavities  are  considered  to  be  designed  so  to 
achieve  storage  ring  circulation  of  an  electron  beam 
of  velocity  =  c  and  average  current  ip.  The  beam 
consists  of  a  sequence  of  beam  bunches  Separated  in 
time  by  TB=27r/u.  The  beam  current  has  first 
harmonic  component  i  (frequency  ^o),  which  for 
bunches  of  narrow  phase  width  approaches  the 
infinitely-narrow  bunch  width  valuer  a  =  21,. 

The  total  acceleration  received  by  the  beam  electrons 
when  the  cavity  fields  have  reached  equilibrium  is 


identical  in  the  equivalent  cavities.  The  effects  due 
to  the  accelerating  field  generated  by  the  RF  power 
source  and  the  retarding  field  induced  by  the 
harmonic  current  i  are  illustrated  respectively  by  the 
voltage  vector  V^p  and  Vg  of  Figure  la. 


Figure  la  Figure  lb 


In  Figures  la  and  lb,  the  phase  of  the  harmonic 
current  vector  i  also  represents  the  phase  of  each 
beam  bunch  centroid.  Figure  lb  shows  in  addition 
the  phase  of  a  bunch  electron  which  is  displaced  by 
dfi  relative  to  the  centroid  phase. 

Since  the  accelerated  electrons  are  assumed  to  be 
relativistic,  their  relative  phases  within  each  bunch  do 
not  change  during  cavity  passage.  Their  phases 
fgjgtive  to  the  cavity  electric  fieids  are  on  the  other 
hand  dependent  on  the  cavity  tunes.  In  the  "detuned" 
TW  case  we  consider,  the  RF  field  phase  velocity  is 
made  less  than  c,  and  the  electrons  gain  in  phase 
relative  to  the  accelerating  wave  during  passage.  In 
the  detuned  SW  cavity  the  electrons  shift  phase 
relative  to  the  accelerating  wave  during  passage  both 
because  of  the  difference  in  cavity  and  beam 
frequencies,  and  because  of  the  transit  time  effect.  In 
either  case  Oie  integrated  energy  change  of  the 
electron  at  9^.  due  to  the  RF  electric  field  is 
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represented  by  the  projection  VrpCos($rf+ where 
depends  on  the  ph^  relative  to  the 
accelerating  wave  with  which  the  bunch  centroid  is 
initially  introduced  into  the  cavity. 

The  effect  of  the  beani’induced  cavity  field  on  beam 
energy  is  given  similarly  by  the  projection  -VbCos(^- 
The  tuning  angle  ^  is  different  from  zero  in  the 
detuned  cavities,  and  has  magnitude  which  depends 
only  on  the  cavity  parameters. 

The  total  energy  change  of  the  electron  at  phase 
9k  is  given  by  the  projection  VcCos(^+9k)  of  the  total 
cavity  voltage  V,.  In  terms  of  the  components  V, 
and  V;  of  V«,  this  is 

Vk  =  ViCos^K-Vjsin^K  (1) 

(ViiFl  +  Vn)COS9K-(VRF2+V||2)sin9K* 

The  detailed  dependence  of  the  voltages  and  phase 
angles  on  the  TW  and  SW  system  parameters 
provides  the  connection  needed  to  show  the  j3,  ^ 
equivalence  of  the  two  accelerator  types.  This  has 
b^n  developed  using  the  theories  and  analyses  of 
references  1  and  2  and  is  stated  without  proof  in  what 
follows. 

2.  TW  Cavity  System 

Formulas  for  V,  for  the  constant  impedance  TW 
cavity  are  given  Li  refsience  1,  which  also  provides 
the  basis  from  which  Vj  can  easily  be  developed.  It 
is  also  helpful,  in  comparing  them  with  their  SW 
cavity  counterparts,  to  write  V,=VRf+VB,  and 
V2=Vrf+Vb2,  thus  separating  the  contributions 
and  Vg  due  respectively  to  the  RF  power  source  and 
the  electron  beam. 

Expressed  in  that  way,  the  components  of  Vgp  and  Vg 
are 

Vgi  =  iVgio,  Vb2  =  iVajoi  (2),  (3) 

Vrp,  =  (2IrPTw)‘'^(C,cos$,  +  S,sin$o).  (4) 

Vrh  =  (2IrPTw)‘'^(C2';os4',  +  S^sin^J,  (5) 

Here  i  is  the  first  harmonic  component  of  the  beam 
current.  For  sufficiently  short  bunches  the 
approximation  i=2i,  may  be  used.  Shunt  impedance 
r  is  one-half  the  “accelerator  definition”  r,  of  shunt 
impedance  usually  employed  in  traveling  wave 


accelerator  formulae. 

The  coefficients  in  eq’s  2  through  5  are; 

Vb,o  =  ar{a(l-(6/I)V"[(l-(5/I)^cos61  (6) 

-  2(6/I)sin61])-Il}/I 

Vb»  =  ar{a(2(6/I)+e-"[((8/I)2-l)sinSl  (7) 

-  2(6/I)cos81])-51}/I 

Cl  =  +S2  =  a(l+e-"[(6/I)sin61-cos61])/I  (8) 

C2  =  -SI  =  a((6/I)-e"[(6/I)cos81+sin61])/I  (9) 

Parameter  8  is  the  slip  rate  a)(Vp  -  c)l(VfC) 
of  the  accelerating  wave  relative  to  the  accelerated 
electrons,  where  a>  is  the  beam  RF  angular  frequency 
and  Vf  is  the  phase  velocity  of  the  TW  accelerating 
wave;  1  is  the  accelerating  length  of  the  cavity;  r  = 
tJ2  is  the  cavity  shunt  impedance  per  unit  length;  I 
is  the  cavity  attenuation  factor  per  unit  length; 
parameter  a  =  F/(F  +  8*). 

>nd  phase  angle  appearing  in  eq’s  h  and  5  are 
respectively  the  RF  power  fed  to  the  TW  cavity  and 
the  injection  phase  of  the  beam  harmonic  current  i 
and  the  bunch  centroids.  When  the  cavity  is  used  to 
accelerate  a  stored  beam,  Ptw  and  are  together 
selected  to  satisfy  conditions  which  permit  its 
optimum  capture  and  stable  circulation.  Injection  of 
i  at  corresponds  to  having  the  beam  bunch 
centroids  at  the  synchronous  phase  shown  in  Figure 
1. 

Stable  circulation  requires  the  centroid  energy  gain 
Vrfi  +  ^Bi  lo  ^  matched  to  that  of  the  beam 
circulation  loss  energy  V]^  of  the  beam.  ^LSS  is 
specified  once  the  beam  energy  and  ring  magnetic 
bending  radii  are  given.  The  required  value  of  is 
thus  defined  in  terms  of  V^ss.  power  Ptw  and  Vg,  via 
eq’s.  2  and  4. 


3.  Equivalent  SW  System. 

The  RF-excited  and  beam-excited  TW  cavity  voltages 
Vrp  and  Vg  have  their  exact  counterparts  in  the  SW 
system.  In  the  latter  case  these  are  expressed  in 
terms  of  the  q'iality  factor  Q,  and  tuning  angle  \j/  of 
the  cavity,  and  the  system  RF  coupling  parameter  /?. 
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Vrf,  Vg  and  i  are  phase-related  as  shown  in  figure 
la.  As  in  the  TW  cavity,  ^  and  designate  the 
phases  of  the  beam-induced  and  RF  accelerating  wave 
voltages  relative  to  the  beam  current  harmonic. 

Development  of  the  SW  system  theory  is  described  in 
reference  2,  where  it  is  shown  that 

Vgp  =  (8i3PswR)'''cos^/(l+/J),  (10) 

Vb,=  iRcos^/(l+/3)  (11) 

ss  2ioRcos^/(l  +j3)  for  narrow  bunches, 

Where 

R  =  R,/2  =  SW  cavity  effective  shunt  impedance, 

Qo  =  cavity  quality  factor, 

tan^  =  -2Q,(f-Q/(f,(l+/3)), 

fo  =  frequency  to  which  the  cavity  is  tuned, 

f  =  accelerated  beam  bunch  and  RF  power 
source  frequency, 

i  -  accelerated  beam  first  harmonic  component, 
i,  =  beam  average  current. 


4.  Equivalent  B  Formulae. 

Equivalent  TW  and  SW  systems  are  understood  to  be 
systems  which  accelerate  identical  beams  so  as  to 
cause  the  beam  electrons  to  experience  tb';  same 
energy  and  phase  change  as  they  circulate  in  the  ring. 
For  this  to  occur  the  RF  voltages  Vrf  and  Vg  and 
their  phases  relative  to  that  of  the  beam  current  in  the 
two  cases  should  be  identical. 


2  and  for  Vg  from  eq.  11,  /3  is  found  to  be  given  by 
jff+1  =-2R(cosV)/Vb,o  (15) 

=  -2R(cos^(arctan(Vg3()/Vg|Q))/Vg|() 

Since  Vg^o  and  Vg,o  depend  only  on  parameters  of  the 
TW  cavity  (see  eq’s  6,  7),  the  equivalent  CW  system 
coupling  parameter  j9  and  cavity  tuning  angle  ^  are 
thus  fixed  in  terms  of  those  parameters  and  the  shunt 
impedance  of  the  CW  cavity  serving  as  the 
equivalent. 

5.  RF  Power  for  equivalent  performance. 

The  SW  system  power  level  ?sw  required  to  produce 
equivalent  beam  handling  performance  in  terms  of  the 
corresponding  TW  cavity  power  is  obtained  by 
using  eq’s  4  through  9,  together  with  12  and  13,  to 
express  Vgp  as  a  function  of  the  TW  cavity 
parameters  and  power.  Substituting  for  Vgp  in  these 
terms  in  eq.  10  yields 

Psw^Ptw  ~  (16) 

IrR(C,2+C:*)(cos’(arctan(Vg3g/Vg,o))//3(Vg,o)* 
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It  is  evident  from  figure  1  that  angles  and 
are  related  to  the  components  of  the  TW  cavity 
and  Vg  through 

tan^^  =  Vg33/VB,o,  (12) 

tan$RF  =  Vrf2/Vrfi,  (13) 

tan$  =  (VRFj+VB2)/(VRF,-hVB,).  (14) 


Also  Vg,  =  -Vgcos^.  Substituting  for  Vg,  from  eq. 
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Abstract 

A  high  power  cross-field  amplifier  is  under  develop¬ 
ment  at  SLAG  with  the  objective  of  providing  sufficient 
peak  power  to  feed  a  section  of  an  X-Band  (11.424  GHz) 
accelerator  without  the  need  for  pulse  compression.  The 
CFA  being  designed  employs  a  conventional  distributed 
secondary  ernission  cathode  but  a  novel  anode  structure 
which  consists  of  an  array  of  vane  resonators  alterna¬ 
tively  coupled  to  a  rectangular  waveguide.  The  waveg¬ 
uide  impedance  (width)  is  tapered  linearly  from  input 
to  output  so  as  to  provide  a  constant  RF  voltage  at  the 
vane  tips,  leading  to  uniform  power  generation  along  the 
structure.  Nominal  design  for  this  tube  calls  for  300  MW 
output  power,  20  dB  gain,  DC  voltage  142  KV,  magnetic 
field  5  KG,  anode-cathode  gap  3.6  mm  and  total  inter¬ 
action  length  of  about  60  cm.  These  specifications  have 
been  supported  by  computer  simulations  of  both  the  RF 
slow  wave  structure  as  well  as  the  electron  space  charge 
wave  interaction.  We  have  used  ARGUS  to  model  the 
cold  circuit  properties  and  CONDOR  to  model  the  elec¬ 
tronic  power  conversion.  An  efficiency  of  60  percent  can 
be  expected.  We  will  discuss  the  details  of  the  design 
effort. 

1.  Introduction 

The  cross-field  amplifier  (CFA)  (Fig.  1)  has  been 
considered  as  a  potential  RF  source  to  power  the  Next 
Linear  Collider  (NLC).  It  is  a  compact,  low  beam  imped¬ 
ance  device  that  can  be  manufactured  at  relatively  low 
cost.  In  many  applications,  the  CFA  has  been  shown  to 
generate  very  high  peak  powers  at  reasonable  efficiencies. 
The  NLC,  however,  calls  for  power  and  frequency  require¬ 
ments  beyond  those  of  existing  tubes.  SLAC  has  under¬ 
taken  to  develop  a  CFA  capable  of  producing  lOOMW 
RF  output  power  with  a  pulse  width  of  100  ns  at  X  band 
without  the  need  for  pulse  compression.  The  first  experi¬ 
mental  tube  did  not  perform  up  to  specifications.  We  will 
report  here  the  design  effort  that  went  into  the  second 
planned  CFA,  taking  into  considerations  the  difficulties 
encountered  in  the  first  tube. 

11.  Design  Considerations 

The  first  design  operated  at  the  backward-wave  spa¬ 
ce  harmonic  with  a  phase  shift  of  225  degrees/section 
and  employed  a  cold  platinum  cathode.  It  had  suffered 
from  current  limitations  because  of  the  interference  at 
the  cathode  by  the  underlying  forward-wave  fundamen¬ 
tal.  At  high  enough  RF  fields,  this  fast-wave  component 

♦  Work  supported  by  Department  of  Energy  contract  DE- 
AC-0376SFC0515 
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could  affect  the  back-bombarding  electrons  so  as  to  cut 
off  secondary  emission.  The  new  design  will  synchro¬ 
nize  with  the  backward-wave  fundamental  with  a  phase 
shift  of  150  degrees/section  and  will  use  a  Beryllium  o.\- 
ide  cathode  which  may  allow  higher  peak  power  since  it 
has  a  higher  secondary  yield  and  lower  peak  energy.  The 
backward-wave  mode  is  preferred  because  power  can  be 
generated  in  a  shorter  distance  and  the  modulation  of 
the  reentrant  beam  is  also  minimized. 

The  second  CFA  will  have  a  w’aveguide-coupled  an¬ 
ode  structure^^^  (Fig.  2)  with  an  overall  lower  impedance 
to  increase  peak  power  output  at  an  optimal  RF  field  of 
100  kV  across  the  vane  tips.  Higher  RF  fields  are  avoided 
to  reduce  problems  with  current  depletion  as  discussed 
above,  anode  heating,  and  breakdown  at  the  output,  as 
well  as  to  improve  power  production  and  phase  stability 
at  the  input.  To  maintain  this  RF  level  throughout  the 
tube,  it  is  necessary  to  taper  the  impedance  by  making 
it  high  at  the  input  end  and  low  at  the  output  end.  A 
linear  taper  can  be  achieved  by  varying  the  guide  width. 


INTUt.OVIrUI 
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Fig.  1  Schematic  of  a  CFA  showing  vanes,  input,  output 
and  sever  (drift  space  with  no  RF  which  isolates  input 
and  output). 
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Fig.  2  ARGUS  model  of  the  upper  half  of  a  CFA  section. 
To  the  left  is  the  cathode  and  endhat.  To  the  right  is  the 
waveguide  coupled  anode  structure.  Three  coupling  slots 
can  be  seen  between  the  resonator  and  the  waveguide. 


conditions  and  time  integration  corresponds  to  progres¬ 
sion  in  space  around  the  tube.  Fig.  3  is  a  time  shot  of 
the  interaction  showing  spoke  formation  from  the  elctron 
hub. 

IV.  Mode  Contamination  and  Competition 

Some  CFA’s  have  operated  successfully  with  the  wa¬ 
veguide-coupled  circuit  but  mode  contamination  is  a  con¬ 
cern.  Mode  purity  can  be  maintained  if  the  circuit  is 
matched.  One  criteria  for  the  matching  is  that  the  volt¬ 
ages  across  the  resonators  be  equal.  This  means  in  effect 
that  the  vaned  anode  structure  is  unperturbed  by  the 
slotted  guide  so  we  can  treat  each  separately.  ^Ye  use 
ARGUS  to  determine  the  dimensions  of  each  structure 
for  the  appropiate  phase  shift  at  11.424  GHz  (150  de¬ 
grees  for  the  anode  and  60  degrees  for  the  slotted  guide). 
The  final  dimensions  for  the  coupled  circuit  are  obtained 
by  joining  the  two  together  and  then  making  the  adjust¬ 
ments  to  correct  for  any  frequency  shift. 


Fig.  3  Simulation  of  one  (slow  wave)  wavelength  of  elec¬ 
tron  distribution  showing  electron  hub  and  spoke. 

III.  Design  Tools 

The  waveguide-coupled  anode  circuit  is  a  3-D  pe¬ 
riodic  structure  that  supports  both  forward  and  back¬ 
ward  waves.  We  have  used  the  3-D  electromagnetic  code 
ARGUS^^^  with  quasi-periodic  boundary  conditions  to 
study  the  properties  of  the  cold  circuit.  Dispersion  curves 
and  circuit  parameters  such  as  impedances  can  be  ob¬ 
tained  for  the  travelling  wave  modes. 

Because  CFA’s  are  inherently  nonlinear  devices  ac¬ 
curate  modelling  of  the  beam-circuit  interaction  is  essen¬ 
tial  for  design  purposes.  We  have  developed  a  simula¬ 
tion  model  based  on  the  2-D  PIC  code  CONDOR^^^  to 
evaluate  the  performance  (e.g.  gain  and  efficiency)  of 
a  CFA  tube.  The  calculation  of  the  beam-circuit  inter¬ 
action  is  similar  to  that  described  by  Yu,  Kooyers  and 
BunemanW.  The  main  advance  of  our  model  over  previ¬ 
ous  simulations  is  the  realistic  tracking  of  absorption  and 
secondary  emission^®^.  The  simulation  region  is  an  inte¬ 
gral  number  of  wavelengths  long,  with  periodic  boundary 


Fig.  4  Dispersion  curves  for  the  coupled  structure  near 
the  input  end. 

A  set  of  dispersion  curves  generated  by  ARGUS  for 
the  composite  structure  near  the  input  end  is  shown  in 
Fig.  4.  An  operating  point  can  be  identified  near  the  70 
degree  phase  advance.  Also  evident  is  a  high  frequncy 
slot  mode  at  a  lower  phase  advance  that  can  interact 
with  the  beam  and  which  ARGUS  found  to  have  a  high 
impedance.  CONDOR  simulations  including  this  mode 
(at  low  amplitude)  and  the  operating  mode  showed  that 
the  competing  mode  had  enough  gain  to  attain  a  power 
level  high  enough  to  interfere  with  the  tube  operation.  A 
possible  remedy  being  considered  is  to  insert  lossy  mate¬ 
rial  to  selectively  damp  out  this  mode. 
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V.  Power  Generation  and  Efficiency 

From  our  CONDOR  simulations  we  have  calculated 
the  power  geheration  rate  and  efficiency  versus  RF  field 
strength  as  shown  in  Figs.  5  and  6.  Based  on  these  re¬ 
sults;  a  good  operating  point  has  been  identified  with 
power  generation  near  300  MW  and  total  efficiency  of 
over  60i  percent.  The  specifications  for  this  tube  are  given 
in  the  table  in  section  VI. 


Fig.  5  Power  generation  rate  vs.  normalized  RF  field 
strength  shown  for  three  values  of  DC  voltage/Hartree 
voltage. 


Peak  RP  Fie)4  /  DC  Tteld 


Fig.  6  Efficiency  vs.  normalized  RF  field  strength. 

VI.  Table  of  Tube  Specifications 

Cathode  dimensions:  radius  =  10.16  cm; 

height  =  1 .65  cm 
Anode  dimensions;  radius  =  10.52  cm; 

height  =  1.65  cm 
Anode-Cathode  gap  =  3.63  min 


Pitch  =  2.67  mm 

Vane  dimensions:  height  =  1.65  cm, 
depth  =  4.98  mm 

Vane  gap  width:  inner  ==  1.016  mm;  outer  =  2.032  cm; 
triangular 

Waveguide  dimensions:  height  =  1.905  cm; 

depth  =  .762  to  7.62  cm 
Slot  dimensions:  height  ==  1.905  cm; 

depth  =  4.57  mm;  width  =  .508  mm 
Frequency:  11.424  GHz 
Peak  Power  Output:  300  MW 

Power  Generation  Rate:  6  MW  per  cm  of  circumference 

RF  Pulse  Width:  100  ns 

Pulse  repetition  rate:  360  pps 

Anode  Voltage:  142  kV 

Anode  Current;  2600  Amp 

Peak  RF  Voltage  Across  Vanes:  100  kV 

Efficiency  rje-rjc  —  -72  x  .9  =  0.65 

Gain:  17  db 

RF  Drive  Power:  6  MW 

Emitter:  Beryllium  0.\ide  cold  cathode 

Cathode  current  density:  41  Amp/cm^ 

Number  of  anode  resonators:  225 

Average  anode  dissipation:  40  W/cm*  at  100  ns 

Peak  anode  dissipation:  1.1  MW/cm" 

Mean  anode  bombardment  energy:  27  kV 
Phase  shift  per  resonator:  150  degrees 
Phase  velocity:  7.31  xlO^  m/s 
Hartree  voltage:  118  kV 
DC  magnetic  field:  5  kGauss 
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Abstract 

A  2d  finite  element  field  solver  has  been  written 
which  allows  quasi-periodic  boundary  conditions,  making 
it  ideal  for  calculating  travelling  waves  in  periodic  struc¬ 
tures.  Special  elements  are  used  at  corners  for  improved 
accuracy.  Comparisons  with  URMEL[1],  URMEL-T(2], 
SUPERFISH[3]  and  analytic  solutions  are  made,  show¬ 
ing  that  this  code  yields  better  eigenvalues  than  the 
URMELs  despite  the  use  of  a  coarser  mesh. 

1.  Introduction 

YAP  (an  acronym  for  Yet  Another  Program)  is  a 
2d  finite  element  field  solver  capable  of  finding  TE  and 
TM  modes  in  planar  structures  and  monopole  (TMo  and 
TEo)  modes  in  a,xisymmetric  structures.  The  structures 
can  include  symmetry  and  periodic  boundaries.  YAP’s 
algebraic  eigenvalue  solver  uses  the  inverse  power  method 
with  an  eigenvalue  shift,  which  yields  the  mode  with 
eigenvalue  closest  to  a  specified  target  eigenvalue.  A  typ¬ 
ical  problem  uses  up  to  1000  nodes,  consuming  about 
1  minute  of  IBM  3091  CPU  time. 

Readers  not  interested  in  the  details  of  the  finite  el¬ 
ement  method  (section  II)  or  the  special  corner  elements 
(section  IV  A)  can  skip  the.se  sections  and  still  under¬ 
stand  the  rest  of  the  paper. 

II.  Finite  Element  Formulation 

The  finite  element  formulation  follows  closely  the 
formulation  used  by  the  PRUD-W[4]  code.  One  case  is 
presented  here:  the  TE  mode  of  a  planar  periodic  struc¬ 
ture. 

Let  the  field  flj  be  complex  and  have  an  assumed 
time  dependence  and  let  the  interior  of  the  struc¬ 
ture  be  Q  (in  the  (j.',j/)  plane)  with  three  boundaries: 
Pmetai)  Bright  and  Picft.  The  latter  two  boundaries  are 
the  right  and  left  boundaries  of  one  cell  of  the  peri¬ 
odic  structure,  and  are  connected  by  the  rigid  motion 
R  •  Pieft  Pright-  This  rigid  motion  may  include  ro¬ 
tation  as  well  as  translation.  The  fields  in  the  periodic 
structure  are  decomposed  into  modes  with  phase  advance 
(j),  in  accordance  with  Floquet’s  theorem.  The  phase  ad¬ 
vance  can  be  any  real  number. 

A.  Strong  Formulation 

The  usual  statement  of  Maxwell’s  equations  is  the 
strong  formulation,  gi^^en  the  phase  advance  find  the 

*  Work  supported  by  Department  of  Energy  contract  DE- 
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eigenvalues  u^/c-  and  eigenmodes  such  that 


(v“  +  ^)b.  =0  infi. 

(la) 

n  •  VBg  =  0  on  Fmetali 

(lb) 

Bg(B£)  =  Bg(x)e’^  V-ceFieft, 

(Ic) 

n-VBi(Rx)  =  -n-VB,(»)e''^  VxeFieft.  (Id) 

Equations  (Ic)  and  (Id)  are  the  quasi-periodic  boundary 
condition. 

B.  Weak  Formulation 

An  equivalent  statement  of  the  problem  is  the  weak 
formulation:  given  the  phase  advance  find  the  eigen¬ 
values  and  eigenmodes  B*  €  V  such  that  Vu  €  V 

/2 

Vv’ -VB, =  0  (2a) 

n 

where 

V={veH\(l)-.  v{Rx)  =  u(x)e*'^  Vi? €  Fien } (2b) 

and  //'(fi)  is  a  complex  Hilbert  space.  The  weak  formu¬ 
lation  is  obtained  from  the  strong  formulation  by  multi¬ 
plying  equation  (la)  by  v*  and  integrating  by  parts. 

C.  Galerkin  and  Finite  Element  Formulations 

The  Galerkin  formulation  restricts  u  and  Bz  to  a  fi¬ 
nite  dimensional  subspace  V*  C  V.  This  formulation  re¬ 
duces  to  an  algebraic  eigenvalue  problem  which  is  solved 
to  yield  approximate  eigenvalues  and  eigenmodes. 

The  finite  element  formulation  is  the  Galerkin  for¬ 
mulation  with  a  particular  choice  of  V*.  The  domain 
fi  is  partitioned  into  elements  Qg,  and  V*  is  chosen  to 
be  a  space  of  functions  which  are  piecewise  simple  (e.g. 
linear  or  quadratic  on  each  element)  and  continuous.  Fig¬ 
ure  1(a)  is  an  example  of  a  partition.  The  choice  of  V'* 
is  where  YAP  and  PRUD-W  diverge.  YAP  uses  6-node 
quadratic  lagrange-type  triangular  elements  and  special 
corner  elements  while  PRUD-W  uses  8-node  curvilinear 
quadrilateral  elements. 

Iii^YAP,  the  fields  are  quadratic  on  the  master  ele¬ 
ment  n  shown  in  figure  1(b),  where  each  node  represents 
a  separate  basis  function.  These  fields  are  mapped  to 
the  actual  element  Dg  using  a  quadratic  transformation 
Te  :  n  — >  fig.  This  allows  the  sides  of  an  element  to  be 
curved  in  order  to  closely  follow  the  boundary  of  fl,  as 
seen  in  elements  fir,  Da  and  fi?  of  figure  1(a). 
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Figure  1.  (a)  A  sphere  partitioned  into  elements.  The 
dotted  line  is  the  axis  and  the  d^hed  line  is  a  symmetry 
plane,  (b)  The  master  element  Q  and  its  6  nodes. 

III.  Analytic  Tests 

YAP  was  tested  on  some  analytically  solvable  struc¬ 
tures.  Results  for  two  test  structures  are  shown  in  fig¬ 
ure  2.  The  cutoff  TMoi  mode  of  a  1  cm  length  of  cir¬ 
cular  waveguide  with  1  cm  radius  was  calculated  with 
YAP  and  URMEL.  The  analytic  eigenvalue  is  w^/c^  = 
5.783185964/p*,  where  p  is  the  radius  of  the  waveguide. 
Both  programs  converged  smoothly  as  the  mesh  was  re¬ 
fined.  This  allows  extrapolation  to  an  infinitely  refined 
mesh,  which  yields  an  eigenvalue  with  significantly  re¬ 
duced  error. 

The  lowest  fMoio  mode  of  a  sphere  with  I  cm 
radius  was  calculated  with  YAP,  URMEL,  URMEL-T 
and  SUPERFISH.  The  analytic  eigenvalue  is  «*/c*  = 
7;527929583/r*,  where  r  is  the  radius  of  the  sphere. 
URMEL  and  URMEL-T  do  not  converge  smoothly  as 
the  mesh  is  refined,  making  extrapolation  difficult.  SU¬ 
PERFISH  and  YAP  converge  smoothly. 


0.01  0.05  0.1 

node  spacing  (cm) 


Figure  2.  Pvclative  error  versus  mesh  size.  The  solid  lines 
are  tests  on  a  sphere  (r  =  1.0  cm)  and  the  dashed  lines 
are  tests  on  a  circular  waveguide  (p  =  1.0  cm). 

The  eigenvalues  returned  by  YAP  are  good,  even 
for  coarse  meshes.  The  coarsest  sphere  test  used  the 
mesh  of  figure  1(a)  consisting  of  only  7  elements  and 
gives  an  eigenvalue  with  less  than  0.1%  error.  This  is 
much  better  than  SUPERFISH  or  the  URMELs  using  a 
coarse  mesh.  Also,  YAP  converges  faster  as  the  mesh  is 


refined.  For  these  tests  the  error  dependence  on  element 
size,  h,  is  C?(/i'‘)  for  YAP,  while  for  SUPERFISH  and 
the  URMELs  it  is  0{h^).  This  is  the  expected  behavior, 
but  unfortunately  it  deteriorates  when  the  structui..  has 
sharp  corners. 

IV.  Corners 

Consider  a  sharp  corner  as  shown  in  figure  3(a).  The 
field  w  (for  example,  in  a  planar  TE  mode)  near  the 
corner  has  the  form 

u>(p,  i;i)  =  oo  -f-  ai  cos(7rfli//?)p’^/^ 

-h  ao  cos(27r<^//?)p*’^/^  -i -  ^ 

where  p  is  the  distance  from  the  corner,  /?  is  the  corner 
angle  and  <j>  is  the  angle,  0  <  <f>  <  p.  Some  fields  may 
use  sin  instead  of  cos  and  have  oo  =  0  in  order  to  satisfy 
boundary  conditions  at  the  metal  wall.  In  either  case,  the 
field  is  not  approximated  well  by  the  quadratic  elements, 
so  a  special  7-node  corner  element[5]  is  used  instead. 

A.  Details  of  the  Special  Corner  Element 

Figure  3  contains  a  diagram  of  the  special  corner 
element.  Node  3  is  the  corner  node.  The  basis  functions 
on  the  master  corner  element  Q  are: 

Ni  =  u“(2“u“  -  1)(1  -  v)(l  -  2u)/(2“  -  1) 

N2  =  u“(2“u“  -  l)(2n  -  l)v/(2“  -*1) 
iVa  =  (1  -  2“u“)(l  -  u") 

=  u“(2“«“  -  l)4t)(l  -  u)/(2“  -  1)  (4) 

Ns  =  4“«“(1  -  h“)v(2u  -  l)/(2“  -  1) 

Ne  =  4“u“(l  -  «")(!  -  i;)(l  -  2v)/(2“  -  1) 

Nt  =  4“u‘*(l  -  u“)4t)(l  -  v)/(2“  -  1) 

where  a  =  tt//?  and 

«  =  ?•  +  «  r  =  «(1  -  v) 

V  =  s/(r  +  s)  s  =  tiv.  ' 


The  transformation  Te  :  Q  -*  Qe  is  the  standard 
quadratic  one.  The  global  basis  functions  are  continu¬ 
ous  provided  the  elements  are  properly  assembled. 


Figure  3.  A  corner  (a),  and  the  nodes  (b)  and  (u.f) 
coord.nates  (c)  of  the  master  corner  clement  Q. 
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B.  Tests  on  a  Ridged  Waveguide 

Figure  4  shows  test  results  of  URMEL  and  YAP  on 
the  lowest  TE  mode  of  a  ridged  waveguide.  The  wave¬ 
guide  dimensions  are  1  cm  by  0.5  cm  with  a  0.5  cm  by 
0.25  cm  ridge.  Extrapolation  to  an  infinitely  refined  mesh 
yields  w*/c^  =  5.06016  cm"". 


Figure  4.  Relative  error  versus  mesh  size  for  a  ridged 
waveguide. 


For  this  structure  URMEL  and  YAP  without  special 
corners  are  similar.  The  error  dependence  on  the  mesh 
size  is  0{h^l^)  for  both  programs.  This  agrees  with  the 
theoretical  eigenvalue  error,  where  0>  iris  the 

sharpest  corner  in  the  structure.  Without  special  corner 
elements,  YAP’s  error  is  only  a  factor  of  two  better  than 
URMEL  for  a  given  mesh  size. 

The  special  corner  elements  give  YAP  significantly 
improved  accuracy  and  improve  the  error  dependence 
to  0{hr),  but  this  is  still  short  of  the  behavior  seen  in 
smooth  structures. 

V.  Quasi-Periodic  Boimclary  Conditions 

The  quasi-periodic  boundary  conditions  are  helpful 
and  sometimes  necessary  when  modelling  periodic  struc¬ 
tures.  Only  a  single  period  of  the  structure  is  modelled, 
yielding  the  travelling  wave  solution  for  any  desired  phase 
advance.  If  only  metal  and  symmetry  boundaries  are 
available,  many  periods  of  the  structure  must  be  mod¬ 
elled  in  order  to  obtain  an  equivalent  standing  wave  so¬ 
lution  for  only  a  few  phase  advances.  Furthermore,  only 
symmetric  periodic  structures  can  be  modelled  this  way. 
No  such  restriction  applies  when  quasi-periodic  boundary 
conditions  are  used. 

Figure  5  is  an  example  of  the  use  of  quasi-periodic 
boundaries  to  generate  a  dispersion  curve.  Generating 
the  same  data  using  metal  and  symmetry  boundary  con¬ 
ditions  would  require  modelling  at  least  six  periods  and 
consume  more  computer  time  or  yield  less  accurate  re¬ 
sults.  Identifying  the  phase  advance  of  each  mode  would 
also  be  required. 


phase  advance  ^  (degrees) 


Figure  5.  Dispersion  curves  obtained  with  quasi-periodic 
boundaries  on  a  single  period  of  a  cross-field  amplifier 
structure. 

VI.  Conclusion 

The  finite  element  method  employed  by  YAP  is  more 
accurate  than  URMEL,  URMEL-T  and  SUPERFISH. 

The  special  corner  elements  help  significantly  for 
structures  with  sharp  corners,  but  their  performance  does 
not  match  the  performance  seen  with  smooth  structures. 
This  indicates  that  the  computational  effort  spent  on  .cor¬ 
ner  regions  is  still  inadequate  compared  to  other  regions 
where  the  field  is  smooth.  This  can  be  remedied  by  ei¬ 
ther  an  improved  special  corner  element  or  a  technique 
like  adaptive  mesh  refinement. 

The  quasi-periodic  boundary  condition  is  an  impor¬ 
tant  part  of  a  field  solver  because  it  allows  asymmetric 
periodic  structures  to  be  modelled  and  saves  time  and 
effort  for  both  the  computer  and  the  user. 

I  would  like  to  thank  Juwen  Wang  for  running  SU¬ 
PERFISH  tests  on  a  sphere. 
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Abstract 

The  Accelerator  Research  Laboratory  at  Texas  A&M  University  is  developing  gated  field- 
emitter  cathodes  for  microwave  and  millimeter-wave  applications.  The  cathode  consists  of  an 
array  of  gated  field-emitters  which  are  modulated  at  microwave  frequency  to  produce  a  fully 
modulated  electron  beam.  Field-emitter  structures  under  development  include  gated  knife- 


edge  arrays,  reentrant  cusps,  and  porous  silicon. 

low  noise,  and  rugged  structure  as  compared  to 

The  Accelerator  Research  Laboratory  (ARL) 
is  developing  the  gigatrou  technology  [1]  for  high 
power  mm-wave  linac  drivers.  Gigatron  is  based  on 
three  novel  design  concepts:  a  gated  field-emitter 
array  to.produce  an  electron  beam  which  is  bunched 
at  birth;  configuration  of  the  cathode  and  acceler- 
a'.lng  region  to  produce  a  ribbon  beam  to  eliminate 
sp^ce  charge  and  dispersion  limitations;  and  travel¬ 
ing  wave  couplers  at  both  the  input  and  output  to 
obtain  optimum  power  transfer  even  across  a  wide 
ribbon  beam.  The  present  work  focuses  on  the  de¬ 
velopment  of  a  gated  field-emitter  array  suitable 
for  microwave  modulation  in  a  cathode  in  the  gi¬ 
gatron. 

Beginning  in  1976,  C.A.  Spindt  et  al.  pio¬ 
neered  the  fabrication  of  gated  field-emitter  arrays 
for  display  applications  [2].  Figure  1  shows  a  typi¬ 
cal  Spindt  tip  array.  These  arrays  have  been  fabri¬ 
cated  on  center-center  spacings  as  close  as  2.5  /an, 
and  have  produced  electron  current  densities  as 
high  as  1000  A/cm*  with  a  gate  modulation  ~  100 
V.  They  have  been  operated  for  periods  of  thou¬ 
sands  of  hours,  and  exhibit  uniform  current  density 
over  the  emitting  array.  11.  Gray  et  al.  has  devel¬ 
oped  designs  of  tip  arrays  for  vacuum  integrated 
circuits  and  for  microwave  power  devices  [3]. 

Field  Emission  at  the  Cathode  Surface 

Spindt  [2]  hcis  an.jlyzed  the  measured  1/V  re¬ 
sponse  in  terms  of  the  classic  Fowler- Nordheim  the 
ory: 

j  =  exp  (-6^&3/2/£)  (i) 

0-7803-0135-8y91S01.00  ©IEEE 


All  feature  extremely  high  transconductiance, 
arlier  field-emitter  structures. 

where  tp  (4.5  oV  for  Mo)  is  the  surface  work  func¬ 
tion,  and  E  is  the  surface  field.  In  his  experi¬ 
ments  Spindt  has  verified  Eq.  (1)  over  six  decades 
of  cathode  current.  The  experimentally  measured 
quantities  are  voltage  and  current;  connection  to 
Eq.  (1)  thus  yields  a  precise  measure  of  the  effec¬ 
tive  emitting  area  at  the  cathode  surface.  Spindt 
shows  that  the  radius  of  the  emitting  region  thus 
obtained  is  only  j’e  ~  2  A,  a  patch  a  few  atoms  in 
diameter.  This  is  to  be  contrasted  to  the  physi¬ 
cal  tip  radius  ~500  A.  Spindt  and  llerrmannsfeldt 

[4]  have  interpreted  these  results  to  indicate  that 
emission  occurs  from  atomic-scale  surface  features 
which  form  continuously  under  application  of  elec¬ 
tric  field.  These  features  could  be  duo  either  to  mo¬ 
bile  surface  contaminants,  such  as  an  oxide  layer, 
which  produce  a  local  reduction  in  work  function 

[5] ,  or  to  whiskers  or  bumps  which  protrude  from 
the  surface. 

Why  docs  emission  occur  from  only  one  such 
microregion  on  each  tip  surface?  The  answer  lies  in 
an  analysis  of  tlie  space  charge  associated  with  the 
emitted  current  within  the  tip-gate  region.  Sup¬ 
pose  a  tip  geometry  sucli  as  that  of  Figure  1,  on 
which  emission  is  occurring  from  a  particular  nii- 
croregiun  as  shown.  The  emission  produces  a  space 
charge  depression  which  extends  laterally  to  a  dis¬ 
tance  comparable  to  the  gap  g  between  tip  and 
gate,  lu  the  geometry  of  Figure  1,  the  most  emis¬ 
sive  niicroregiou  w  ill  emit,  but  its  emission  will  sup- 
pre.ss  emission  from  any  other  niicroregiou  on  the 
tip  surface.  This  “natural  selection”  of  one  mi- 
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croregion  conveys  two  properties  which  create  po¬ 
tential  limits  for  microwave  cathodes.  First,  the  se¬ 
lection  is  intrinsically  unstable:  emission  can  jump 
from  microregion  to  microregion,  producing  noise 
in  the  microwave  emission  current.  Second,  the 
emission  is  controlled  by  the  field  produced  across 
the  tip-base  gap  g,  while  the  capacitance  of  the 
gate/base  junction  is  determined  by  the  gap  t  be¬ 
tween  the  planar  layers  of  gate  and  base.  The 
power  gain  for  a  microwave  cathode  scales  as  G  ~ 
(i‘ls'g)‘,  where  s  is  the  mean  spacing  of  emit¬ 
ting  raicroregions.  For  a  tip  geometry,  t  ~  1  /an, 
s  ~  2.5  /im,  g  ~  0.5  /an,  and  G  ~  0.1.  For 
the  APv-L  stripline  and  cusp  geometries,  t  ~  1  /an, 
s  ~  0.7  /rm,  g  ~  0.1  /an,  and  G  ~  400  -  a  thou¬ 
sandfold  improvement  for  microwave  modulation. 


Figure  1.  Typical  tip  geometry  for  gate  field-emitter. 

Several  challenges  confront  the  development  of 
field-emitter  cathodes  for  microwave  and  mm-wave 
devices.  First,  while  the  voltage  required  for  mod¬ 
ulation  is  modest,  the  gate-base  junction  is  very 
capacitive,  and  hence  e.\hibits  very  low  impedance 
at  high  frequency.  Second,  recent  studies  of  the 
physics  of  the  field  emission  process  on  a  tip  [4] 
show  that  emission  typically  occurs  from  only  one 
microregion,  with  a  size  scale  as  small  as  ~  10 
A'.  Third,  the  input  coupler  must  provide  a  low- 
impedance  charging  path  to  all  lips  on  au  array. 
ARL  and  the  Institute  for  Solid  Slate  Electronic.s 
(ISSE)  have  developed  several  approaches  to  field- 
emitter  arrays  which  address  these  challenges:  a 
stripliue  geometry  in  which  the  emitting  region  is  a 
knife-edge  suppoited  on  a  narrow  gap  from  the  gate 
(Figure  2);  an  inxeited  cusp  in  which  the  tip  is  le 
placed  by  a  thin  disc  of  low-woik-function  material 
supported  on  a  cusped  column  above  a  metalized 
base  (Figure  3);  and  a  porous  silicon  cathode  in 
which  emitting  channels  are  formed  with  a  typical 


spacing  ~50  A  (Figure  4). 

Knife-Edge  Emitter  Geometry 

The  knife-edge  cathode  geometry  is  shown  in 
Figure  2.  The  emitting  structure  is  a  knife-edge 
which  is  formed  by  etching  a  thin  Mo  layer  in  a 
multi-laminar  deposition  of  Au-SiO?  Au-Mo-Si02- 
Au.  The  gate/base  spacing  is  ~1000  A,  and  can  be 
routinely  controlled  to  ±50  A  over  an  entire  wafer. 
A  gate-base  voltage  of  100  V  produces  a  surface 
field  at  the  knife-edge  of  1.7  GV/m,  sufficient  to 
produce  0.3  /«A  emission  current  [6]  from  each  mi- 
croregion.  We  have  established  a  working  dielectric 
strength  of  700  V//im  in  the  SiOi  layer. 

A  second  advantage  of  this  design  is  the  en¬ 
hanced  density  of  emitting  microregions.  Regions 
of  reduced  work  function  develop  along  the  knife- 
edge  length  at  a  spacing  roughly  equal  to  the  gap 
g  ~1000  A  between  knife-edge  and  gate  — a  ten 
times  greater  emitter  density  than  tip  arrays. 


Figure  2.  Knife-edge  emitter  geometry. 

Inverted  Cusp  Cathodes 

Figure  3  shows  an  array  of  titanium  cathodes 
in  which  a  plasma  etch  is  used  to  create  a  thin 
metal  disc  supported  from  a  column  of  small  radius. 
This  array  was  fabricated  at  ISSE  by  Legg  et  al.  [7]. 
A  gale  layer,  formed  by  a  self  aligned  deposition  of 
SiOj  and  metal,  produces  a  narrow  gap  g  ~1000 
A  between  the  cathode  disc  and  the  annular  gate. 

The  cusp  geometry  makes  it  possible  to  obtain 
a  larger  nuiubei  of  emitting  microregions  on  the 
outer  edge  of  each  disc,  spaced  by  a  distance  ~ 
g  ~1000  A.  This  structure  is  being  fabricated  with 
a  low-work  function  cathode  surface  (cermet)  and 
low  impcdaiiLe  rnetalizations  on  gate  and  base. 
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Porous  Silicon  Emitting.  Surfaces 

Yue  et  al;  :[8j  have  developed'  a  novel  mate¬ 
rial  in  which,  a  porous  layer  is  grown  into  a  silicon 
wafer  through  electrochemical  ;anodizatipn  in  con- 
centrated  diydrofluoric  acid^  A  porous  silicon  film 
ma|e:.by  .ahodizing  a  heavily  doped  silicon  wafer 
produces  pores  perpendicular  to  the  film  surface 
through  the  whole  porous  layer  with  a  thickness 
which  can  be  controlled  in  the  range  0.1- 10  /im.  By 
controlling  current  density  and  anodization  time, 
the  diameters  of  pores  can  be  varied  from  10  A  to 
100  A  with  pore  density  from  iO®  to  10^^  pores/mm*. 
The  porous  layer  is  then  fully  oxidized  in  a  ther¬ 
mal  oxide  process.  At  the  interface  between  porous 
Si02  and  bulk  silicon  substrate,  an  extremely  sharp 
silicon  tip  is  formed  beneath  each  pore. 


Figure  3.  SEM  micrograph  of  inverted  cusp  cath¬ 
ode  array. 

During  the  past  year  diode  arrays  of  porous 
silicon  have  been  fabricated  at  ISSE  and  the  d.c. 
Fowler-Nordheim  response  Im  been  measured  [3]. 
The  diode  employed  the  above  eniitters  while  metal 
deposited  on  the  surface  of  the  oxidized  porous  sil¬ 
icon  film  served  as  the  tnocie.  The,turn-on  voltage 
of  these  diodes  w^  shown  to  be  as  low  as  3  to  4 
volts.  An  emission  current  of  25  A/cm*  can  be 
produced  by  a  10  V  modulation.  The  I-V  charac¬ 
teristic  follows  the  Fov.ler-Nordheim  relation  over 
three  decades  of  current  and  the  I-V  relations  are 
stable  with  temperatures  ranging  from  25°G  up  to 
250‘’C.  The  iiiimense  number  of  independent  emit¬ 
ter  channels  results  in  an  extremely  low-noise  emis¬ 


sion  current  -  a  key  requireineirt  for  mm-wave  ap¬ 
plications. 
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Figure  4.  Diode  test  geometry  for  porous  silicon 
field-emitter  cathode. 

We  are  developing  gated  microwave  cathodes 
using  these  three  design  approaches.  During  the 
next  year  we  will  evaluate  their  performance  and 
proceed  to  microwave  testing  for  power  tube  cath¬ 
odes. 


This  work  was  supported  by  contract  ^5l^DE- 
FG02-91ER40613,  U.S.  Department  of  Energy. 
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Ab'sinct 

Studies  are  continuing  on  the  development  of  X-band 
coaxial  microwave  amplifiers  as  a  source  for  next  gener¬ 
ation  linear  colliders.  Coaxial  amplifiers  employ'an  an¬ 
nular  electron  beaifi  propagating  between  inner  and  outer 
drift  tube  conductors^  a  configuration  which  allows  large 
increases  in  beam  .current  ove'^  standard  pencil’  beam  am¬ 
plifiers;  Large  avei  age  diameter- systems  may  still  be  used 
without  mode  competition  since  TM  mode  c  iloff  frequen¬ 
cies  are  controlled  bythje  separation  betweei  ‘conductors. 
A  number  of  amplifier  configurat  ionb  are  being  studied,  all 
primed'by  a  driven  initial  cavity  which  resonates  around 
9  GHz.  Simple  theory  of  coaxial  systems  and  particle- 
ih'ccll  simulations  are  presented,  as  well  as  initial  exper¬ 
imental  results  using<!i^420  keV,  7-8  k A,  9  cm  diameter 
annular  beam. 

L  Introduction 

Next  generation  designs  of  c+e~  linear  colliders  have 
set  stringeiitsrequirements  on  the  r.f.  drive-source.  In 
order  to  achieve  Uie  high  accelerating  gradients  (>100 
MeV/m)  necessary  for  ^  TeV  beam  energies,  an  r.f.  driver 
operating  above  X-band  and  500  MW  peak  power  levels 
will  be  needed;  Several  competing-technoiogies  for  this 
source  are- ^urren  \y  being  examined,  including  intensive 
efforts  in  relativistic  klystrons  (1)  and  gyroklystrons  (2). 
A  developing  method  is  to  use  binary  energy  compresfnoh 
[3]  to  raise  the  peak  power  and  reduce  the  pulse  length  of 
a  lower  power  tube. 

Without  the  need  for  pulse  compression,  an  alterna- 
tive  to  these  hollow  tube  amplifier  configurations  is  the 
development  of  coaxial  amplifiers.  This  geometry  uses 
an  annular  electron  beam  propagating  between  inner  and 
outer  drift  tube  conductors.  Previous  coaxial  high  power 
microwave  devices  have  been  built  in  oscillator  configura¬ 
tions  [4],  and  lowes frequency  (~  1  GHz)  coaxial  amplifiers 
may  be  capable  of  ultra-high  powers  [5]. 

The  coaxial  g>’ometry  addresses  two  fundamental  lim¬ 
itations  of  hollow  \ube  devices.  First,  the  use  of  a  large 
average  diameter  system  reduces  the  power  density  (and 
hence  the  surface  fields)  for  a  given  power  level,  effectively 
by  . increasing  the  cross  sectional  area  of  the  device.  This 
reduces  the  possibility  of  r.f.  pulse  shortening  and  field 
emission  in  the  microwave  structures,  conditions  often 
seen  in  highly  stressed  relativistic  kljstrons.  Second,  the 
coaxial  geometrj  allows  for  propagation  of  much  higher 
current  beams  than  conventional  pencil  beam  amplifiers, 
as  a  result  of  increases  in  both  the  beam  cross  sectional 
area  and  t!ie  limit,  .ig  current  of  the  sjstem.  This  increase 
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in  beam  current,  up  to  a  factor  of  ten  in  many  instances, 
may  enable  a  higher  peak  power  device  at  lower  beani 
energies,  hence  at  considerably  lower  cost.  The  coaxial 
configuration  does  allow  TEM  as  well  as  higher  order  TE 
modes  to- propagate  in  the  drift  regions  of  the  system. 
Single  TM  mode  interactions  may  still  be  designed,  since 
the  cutoff  frequencies  of  these  modes  is  controlled  only 
by  the  separation  distance  between  conductors,  not  the 
average  "diameter.  However,  control  of  the  TEM  and  TE 
modes  remains  the  most  difficult  problem  in  design  and 
operation  of  these  amplifiers. 

II,  Design 

The  simplest  conceptual  design  for  a  coaxial  amplifier 
is  illustrated  in  figure  1.  An  annular  electron  beam  is 
propagated  along  the  coaxial  drift  region  and  is  initially 
modulated  by  a  driven  input  cavity.  The  modulated  beam 
is  then  passed  through  dovvnstream  sections,  shown  in  the 
figure  as  a  rippled  wall  slow  wave  structure  (but  just  as 
easily  other  cavities  or  a  mixture  of  both),  to  enhance  the 
beam  modulation  and  extract  power. 
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Fig  1.  Simple  coaxial  amplifier.  (1)  Annular  electron  beam, 
(2)  driven  input  cavity,  (3)  slow  wave  structure,  (4)  centerline, 
(5)  field  coils. 

The  input  cavity  geometry,  designed  using  the  SU- 
PERFISII  code,  oscillates  in  a  5/2  wavelength  mode  with 
a  maximal  axial  electric  field  at  the  beam  location.  5/2A 
is  the  approximate  bounce  length  of  a  TEM  wave  travel¬ 
ing  between  inner  and  outer  sections  of  the  cavity  This 
geometry  was  chosen  for  its  comparatively  high  Q  factors 
and  manufacturing  ease  relative  to  other  designs 

Coaxial  slow  wave  structure  designs  are  straightfor¬ 
ward  e.xtensions  of  their  hollow  tube  counterparts  Either 


periodic  or  Cerenkov  structures  can  be  used  to  create  the 
<  c  condition  needed  for  direct  beain  interaction.  Dou¬ 
bly  lined- coaxial  Cerenkov  systems  have  been  studied  an¬ 
alytically  [6].  Note,  however,- that  a  dielectric  liner  on 
only  the  inner  or  outer  conductor  may  also  force  a  <  c 
condition.  As  an  example,  the  dispersion  relation  for  az- 
imuthally  syihmetric  modes  in  a  coaxial  system  with  a 
dielectric  litier  on  the  inner  conductor  only  is 

JoihTid)yoik2i'o)  —,Joik2ri)Yo(k2rii) 

‘^o(i'ir,d)yo(fcir,)  Jo{kiri)Yoikirid) 

ki  Jo{k2rid)Yo{k2ro)  -  Joik2ro)Y^ik2rid) 
kiC  J{,{kirid)Yo{kiri)  -  Jo{kiri)Yiikirid)  ^  ^ 

where  k^  =  and  k^  =  are  complex, 

/?  is  the  wavenumber,  e  is  the  relative  dielectric  constant 
of  the  liner,  and  r,-.  To,  and  rid  are  the  inner  conductor, 
outer  conductor,  and  dielectric  radius  respectively.  Fig¬ 
ure  2  compares  dispersion  relations  for  a  coaxial  system 


Fig  2  Comparison  of  dispersion  relations  for  a  coaxial  sjsttiu 
with  a  periodic  inner  conductor  (above)  and  a  dielectric  lined 
inner  conductor  (below).  Solid  lines  are  beam  parameters. 


with  a  periodic  ihner  conductor  arid  with  a  dielectric  lined 
inner  conductor.  Both  are  designed  to  have  forward  wave 
interactions  near  9  GHz.  Both  also  exhibit  a  TEM-like 
mode  down  to  zero  frequency.  But  due  to  broad  tun- 
ability  and  ease  of  modelirig,  design,  and  mariufacturing, 
dielectric  liners  will  initially  be  used  in  the  experiments. 

III.  Simulations 

Various  componerits  of  these  amplifiers  have  been 
simulated  using  the  2  1/2D  particle-in-cell  code  MAGIC. 
The  geometry  of  the  simulation  space  and  beam  parame¬ 
ters  exactly  follow  the  real  experimental  quantities.  Cav¬ 
ity  and  structure  frequencies  are  determined  by  cold  tests 
without  particles.  The  simulation  geometry  is  closed  us¬ 
ing  absorbing  boundaries  to  eliminate  any  wave  reflections 
at  the  end  of  the  drift  space. 

Multiple  cavity  klystron  geometries  have  been  tested 
and  compared  to  hollow  tube  relativistic  klystron  simula¬ 
tions.  Unlike  the  pencil  beam  case  and  coaxial  klystron 
simulations  reported  elsewhere  [5],  this  coaxial  system 
fails  to  exhibit  gain  even  though  substantial  modulation 
can  be  imposed  on  the  beam.  This  discrepancy  could 
be  due  to  two  factors.  First,  due  to  the  nature  of  the 
time  advance  algorithm,  simulation  cavities  tend  to  have 
low  Q  factors  (<50)  and  hence  maintain  very  little  stored 
energy  relative  to  actual  cavities.  Second,  and  more  itri- 
portant,  the  use  of  a  slightly  overmoded  cavity  (as  in  the 
5/2A  design)  increases  the  harmonic  content  of  the  beam 
modulation  and  degrades  the  efficiency  of  the  output  cou¬ 
pling.  A  better  method  for  system  gain  is  the  use  of  a 
single  mode  traveling  wave  structure. 

The  dielectric  interaction  shown  previously  has  re¬ 
cently  been  simulated  using  new  capabilities  in  MAGIC. 
The  propagation  characteristics  of  the  structure  wave 
match  those  predicted  by  the  analytic  theory.  A  driven 
cavity,  identical  in  frequency  to  the  predicted  interaction, 
has  been  used  to  impose  initial  modulation  on  the  beam 
prior  to  the  dielectric  structure.  As  shown  in  figure  3,  the 
bunching  process  started  by  the  cavity  is  enhanced  due  to 
the  unstable  interaction  in  the  dielectric  region. 

IV.  Experiments 

The  electron  beam  in  the  experiments  is  generated 
using  a  modified  ETA  module  with  a  2:1  output  ferrite 
core  transformer.  The  output  voltage  of  this  system  is 
400-500  kV  at  nominally  40  ohms.  A  one  Tesla  solenoidal 
magnetic  field  guides  the  beam  down  a  drift  tube  of  7.5  cm 
inner  diameter  and  9.8  cm  outer  diameter.  Within  this 
drift  space  no  TM  mode  will  propagate. 

A  number  of  field  emission  foilless  diode  geometries 
were  tested  to  maximize  beam  current  and  optimize  beam 
propagation.  Currently,  a  conical  cathode  with  a  graphite 
knife  edge  is  used  to  create  a  uniform  beam  of  9  cm  di¬ 
ameter  and  2  mm  thickness.  The  geometry  of  the  diode 
and  equipotential  contours  is  shown  in  figure  4.  This  ar¬ 
rangement  consistently  produces  currents  of  7-8  kA  at 
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Fig  3.  A  simulation  plot  oVEr  vs,  distance,  showing  bunching 
enhancement  pwt  the  discontinuity  where  a  dielectric  liner 
begins. 

420  kV  pulse  voltages.  The  conical  shape  inhibits  shank 
emission,  reducing  the  bearri  thickness,  and  tmperature. 
Beam  propagation  arid- uniformity  has  beeri  measured  us¬ 
ing  thermal  damage  paper  and  is  found  to  be  consistent 
over  the  meter  propagation  distance. 

Experiments  are  continuing  to  characterize  the  5/2A 
cavity.  The  initial  coupling  arrangement  to  the  cavity  was 
found  to  excite  numerous  higher  order  azimuthal  modes 
and  has  been  changed  to  a  more  uniform  and  higher  power 
cyliridrical-coaxial  transition.  Wires  mounted  across  the 
cavity. aperture  have  been  used  to  raise  cavity  Q  and  iso¬ 
late  resonant  peaks,  but  are  too  susceptible  to  beam  dam¬ 
age  to  be  used  consistently  in  experiments. 

A  network  analyzer  trace  of  the  cavity  resonances 
is  shownin  figure  5.  The  dominant  resonance  is  broad¬ 
band  due  to  coupling  of  energy  out  of  the  cavity  aper¬ 
ture.  Other  peaks  correspond  to  the  high  order  azimuthal 
iribdes.  Current  experiments  are  attempting  to  measure 
the  modulatiori  resulting  from  tins  cavity  using  Bg  probes 
iriounted  on  the  drift  tube. 

V.  Conclusions 

The  choice  of  a  coaxial  geometry  enables  the  use  of 
high  current,  large  diameter  annular  beams,  and  allows  for 
greater  output  powers  because  of  reduced  surface  fields. 
Since  breakdown  limits  are  relaxed,  a  dielectric  lined  trav¬ 
eling  wave  structure  is  planned  to  provide  a  substantial 
fraction  of  system  gain.  Experiments  are  continuing  to 
characterize  the  driven  input  cavity,  an  essential  part  of 
several  ^plifier  configurations. 
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Abstract 

We  present  experimental  results  of  a  10  GHz  TEqi  mode 
three-cavity  gyroklystron.  The  beam  is  produced  by  a  pulse 
line  modulator  and  magnetron  injection  gun,  v/hich  can 
operate  to  433  kV  and  225  A  with  1  ps  flat-top  and  at  a  rep 
rate  of  3  Hz.  Microwave  power  is  measured  by  a  modc- 
solectivc  directional  coupler  and  flowing  methanol 
calorimeter.  Mode  purity  is  determined  by  a  large  ancchoic 
chamber.  Initial  testing  of  the  first  three-cavity  circuit  has 
produced  a  peak  power  of  23  MW  with  efficiency  of  27%  and 
pulse  energy  of  36  J.  We  have  a  maximum  gain  of  39dBata 
peak  power  of  21  MW. 

I.  INTRODUCTION 

The  University  of  Maryland  is  developing  a  three-cavity 
gyroklystron  to  demonstrate  the  feasibility  of  this  type  of 
device  as  an  RF  source  for  future  TeV  linear  colliders.  To 
achieve  TeV  energies,  over  a  thousand  phase-locked  RF  drivers 
will  be  required.  For  this  reason  it  will  be  important  to  have 
RF  sources  with  high  gain.  To  achieve  high  gait\  will  require  a 
gyroklystron  with  3  or  more  cavities.  As  a  proof  of  principle 
our  first  effort  was  a  two-cavity  device  which  gave 
encouraging  results!  I  j. 

A  diagram  showing  the  major  components  of  the  system 
appears  in  Figure  1.  The  magnetron  injection  gun  (MIG)  is 
designed  to  give  optimum  betun  quality  at  500  kV,  160  A  tmd 
and  a=1.5.  At  these  parameters  the  velocity  spread  is  7%  [2]. 
Our  modulator  produces  pulses  with  flat-top  of  1  tis  and  is 
currently  capable  of  repetitive  operation  at  3  Hz  up  to  433  kV 
and  225  A.  The  axial  magnetic  field  is  produced  by  four 
separate  circuits  which  allow  us  to  vary  the  magnetic 
compression  to  the  circuit  and  also  the  field  profile  in  the 
circuit  region  independently.  The  circuit  is  designed  for  5.85 
kG  and  the  maximum  attainable  flat  field  is  6.5  kG. 
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Figure  1 .  Schematic  diagram  of  gyroklystron  system. 
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Figure  2  shows  the  microwave  circuit.  Key  features  of 
this  RF  circuit  are  the  remotely  tunable  bunthcr  cavity  and 
lossy  dielectrics.  We  tune  the  cavity  by  simultaneously 
inserting  two  metal  rods  (OD=0.2  in)  with  rounded  ends 
from  opposite  sides  of  the  cavity.  The  tip  of  the  rods  can 
travel  from  the  drift  tube  radius  outward  to  5  mm  outside  the 
cavity,  but  most  of  the  100  MHz  tunability  occurs  while  the 
probes  are  well  into  the  cavity. 


Input  Buncher  Output 

Cavity  Cavity  Cavity 


Figure  2.  The  three-cavity  gyroklystron  circuit  showing  the 
tuning  probes  and  lossy  dielectrics.  The  lossy  dielectrics 
appear  as  darkened  regions  in  the  cavities  and  drift  regions. 

In  this  device  the  drift  regions  are  not  cutoff  for  all  modes 
and  the  cavities  are  over-moded.  Due  to  the  Larmor  radius  of 
the  beam  elccpons,  the  drift  regions  can  not  be  reduced  to 
cutoff  all  modes  without  significantly  reducing  the  beam 
power.  To  isolate  the  cavities  we  loaded  the  drift  regions 
with  lossy  dielectric  liners,  and  to  prevent  parasitic 
oscillations  in  the  cavities  we  loaded  the  radial  wall  of  the 
cavities  with  lossy  dielectrics  (Fig.  2).  In  the  cavities  the  e 
and  geometry  of  the  dielectrics  were  optimized  to  increase 
mode  selectivity.  In  the  drift  regions  the  dielectrics  were 
optimized  to  maximize  the  attenuation  of  parasitic  modes  and 
provide  adequate  isolation  between  the  cavities[3]. 

Input  power  for  the  gyroklystron  was  produced  by  a 
pulsed  magnetron  capable  of  2  ps  pulses  of  100  kW.  Forward 
and  reverse  power  were  monitored  and  coupling  varied  from 
30%  to  70%  depending  on  the  beam  parameters. 


II.  EXPERIMENTAL  RESULTS 
A.  Amplifier  operation 

This  device  gives  the  best  power  and  gain  at  our  highest 
voltage  of  425  kV  and  current  of  212  A.  Magnetic  field 
tapering  and  penultimate  tuning  are  also  very  important.  The 
best  results  were  achieved  with  the  guide  field  33%  higher  at 


the  input  cavity  than  at  the  output  cavity  and  zero 
penultimate  tuning.  This  case  gave  23  MW'  with  efficiency  of 
27%,  gain  of  31  dB  and  total  pulse  energy  of  36  J.  Figure  3 
shows  scope  traces  of  the  microwave  signal  for  this  case.  The 
best  power  from  a  flat  field  experiment  was  12  MW  at  5.7 
kG  and  the  buncher  cavity  tuned  16  MHz  below  the  other 
cavities.  Table  I  summarizes  the  experimental  results  for  the 
tapered  and  flat  field  cases  and  Figure  4  shows  the  magnetic 
field  profile  for  these  cases. 


The  device  gives  the  best  gain  with  the  same  33%  taper  but 
with  the  buncher  cavity  tuned  24  MHz  lower  than  the  other 
cavities.  In  contrast  to  standard  klystrons  which  require 
positive  penultimate  tuning,  the  gyroklystron  requires 
negative  tuning  due  to  the  inverse  relation  of  energy  and  phase 
ill  the  electron  orbits.  Here  the  gain  is  39  dB  with  peak  power 
of  21  MW  and  efficiency  of  25%.  Figure  5  shows  the 
dcpendance  of  gain  on  penultimate  tuning  for  the  tapered  field 
described  above. 


Figure  3.  Time  dependance  of  the  microwave  power 
and  beam  voltage. 
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Figure  5.  The  dcpendance  of  gain  on  pcnullimaie  cavity  tuning 
at  420  kV,  212  A  and  a  tapered  field  (Bjn/Boup  1.33). 
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dB 

33%  taper 

0.66 

23 

27 

31 

5.0 

0.63 

11 

13 

30 

5.7 

0.71 

12 

15 
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Table  1.  Comparison  of  results  for  tapered  and  flat  magnetic 
field  at  beam  parameters  425  kV  and  212  A. 


Distance  from  injnii  cavity  centerline  (cml 


Figures  6  and  7  arc  contour  plots  of  the  measured 
efficiency  and  gain  vs.  beam  voltage  and  current.  These  plots 
show  that  increasing  the  beam  voltage  improves  the 
gyroklysiron's  performance  in  both  power  and  gain.  The 
dcpendance  on  beam  current  is  different.  The  best  output 
power  is  achieved  slightly  below  the  maximum  current  and 
the  best  gain  is  achieved  at  the  lowest  beam  current.  These 
experiments  were  made  with  a  tapered  magnetic  field  and 
zero  penultimate  tuning. 


Fieurc  4.  Comparison  of  magnetic  field  profiles  for  Hat  figure  6.  Contour  plot  ol  least  squares  In  to  measured 
fields  at  5.8  kG  and  5.0  kG  and  a  tapered  field  (Bi„/Bout=  ‘‘  magneiic  lield  (Bi„/Boui= 

1.33).  *-33)- 
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Figure  7.  Contour  plot  of  least  squares  fit  to  measured  gain 
for  a  tapered  magnetic  field  (Bin/Bout=  1.33). 


B,  Stability 

The  three  factors  which  limit  the  power  in  this  tube  are 
the  beam  voltage  limit  of  430  kV  set  by  the  modulator,  a 
beam  instability  in  the  down-taper  region  (Fig.  1)  ,  and 
saturation  of  the  output  cavity.  The  modulator  is  currently 
being  redesigned  to  allow  operation  to  500  kV. 

The  instability  in  the  down-mper  region  is  activated  when 
the  beam  reaches  a  certain  level  of  perpendicular  momentum 
(Pi).  If  Pi  is  further  increased  by  reducing  the  magnetic 
field  at  the  MIG,  strong  oscillations  in  the  range  6-8  GHz 
occur  in  the  down-taper  region.  The  onset  of  these 
oscillations  can  be  moved  to  higher  Pi  by  increasing  the  field 
in  the  down-taper  region  (even  though  this  also  has  the  effect 
of  increasing  Pi)  or  by  operation  at  higher  input  power.  We 
believe  that  some  of  the  input  power  leaks  into  the  down- 
taper  region  stabilizing  this  instability. 

Saturation  in  the  output  cavity  occurs  when  either  Pi  or 
the  bunching  of  the  beam  is  increased  past  a  certain  point.  The 
beam  bunching  can  be  optimized  cither  by  reducing  the  input 
power,  or  lowering  the  gain  of  the  circuit.  The  gain  can  be 
lowered  by  detuning  the  buncher  cavity  or  altering  the  taper 
in  the  mag.netic  field. 

The  operation  and  stability  of  the  device  is  best 
demonstrated  by  experimental  results  at  three  different 
magnetic  fields:  flat  field  at  5.7  kG,  flat  field  at  5.0  kG  and  a 
tapered  field  (Fig.  4).  Comparing  the  two  flat  field 
experiments  (Table  I),  the  case  at  5.7  kG  has  a  higher  field  in 
the  down-taper  region.  This  higher  field  gives  better  mode 
suppression,  and  thus  the  5.7  kG  case  gives  the  higher  a.  This 
is  consistent  with  the  slightly  higher  output  power  observed 
in  tlie  5.7  kG  case. 

The  tapered  field  case  is  very  interesting.  Although  its  a 
is  less  than  the  5.7  kG  flat  field  case,  its  output  power  is 
almost  two  times  higher  (Table  I).  In  addition,  flat  field 
e.xperimenis  with  output  cavity  fields  equal  to  that  of  the 


tapered  field  case  give  significantly  less  output  power.  For 
this  reason  we  believe  that  decreasing  the  guide  field  across 
the  output  cavity  region  is  necessary  to  achieve  high  power.  In 
this  tapered  field  case,  the  field  decreases  6%  across  the 
output  cavity.  Because  the  guide  field  extends  well  beyond 
the  end  of  the  microwave  circuit,  we  suspect  that  a  helpful 
traveling  wave  interaction  may  also  occur  there.  This 
interaction  might  also  benefit  from  the  tapered  field.  A 
numerical  study  to  better  understand  the  effects  of  guide 
field  tapering  at  the  output  cavity  is  now  underway. 

III.  Future  work 

The  second  three-cavity  gyroklystron  circuit  will  be 
tested  in  May  91.  This  circuit  will  use  a  more  lossy  down- 
taper  so  that  higher  a  can  be  achieved.  In  addition,  the  quality 
factor  (Q)  of  the  output  cavity  will  be  increased  from  200  to 
350.  The  first  circuit  was  made  with  lower  Q  anticipating 
operation  at  500  kV  and  a  =  1.5.  At  our  current  operating 
parameters  an  output  cavity  with  a  Q  of  300  will  operate  at 
50%  of  the  start  oscillation  current,  thus  the  increased  Q 
should  not  reduce  the  stability  of  the  circuit. 
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Abstract 

The  theoretical  design  of  a  second  harmonic  gy- 
roklystron  amplifier  at  a  voltage  near  500  kV  is  presented. 
Because  of  the  relatively  high  voltage  the  beam  tunnel 
must  be  large,  so  the  radiation  is  not  cutoff  in  the  drift 
tube.  To  avoid  feedback  we  operate  the  input  cavity  at  the 
fundamental,  which  is  cutoff  in  the  drift  tube,  and  design 
a  (.omplex  output  cavity  that  emits  very  little  radiation 
back  into  the  drift  tube.  The  output  cavity  is  described  in 
detail,  and  the  overall  gain  and  efficiency  is  given. 

I.  Introduction 

For  accelerator  applications  it  would  be  highly  desirable 
to  operate  a  gyroklystron  amplifier  at  the  second  harmonic, 
as  this  would  reduce  the  demands  on  the  magnets.  In  ad¬ 
dition,  if  subharmonic  bunching  is  used  all  but  the  last 
cavity  can  operate  at  the  fundamejRal  frequency,  allow¬ 
ing  a  second  harmonic  device  to  be  easily  adapted  to  an 
existing  fundamental  gyroklystron  amplifier.  The  major 
problem  with  second  harmonic  operation  at  moderate  to 
high  voltage,  where  the  Larmor  radius  is  large,  is  that  the 
radiation  may  not  be  cutoff  in  the  drift  tube.  For  instance, 
the  drift  sections  in  the  University  of  Maryland’s  500  kV 
gyroklystron  amplifier[l]  must  be  at  least  1.5  cm  in  radius 
to  allow  the  beam  to  pass  through.  At  this  radius  the 
operating  mode,  TEoi,  is  cutoff  at  the  fundamental  fre¬ 
quency  of  10  GHz,  but  not  at  the  second  harmonic.  The 
obvious  solution  is  to  operate  all  but  the  last  cavity  at  the 
fundamental  frequency  and  operate  the  output  cavity  in 
the  TEo2  mode  at  the  second  harmonic.  Then  the  prob¬ 
lem  is  to  make  sure  that  the  mode  conversion  from  TEo2 
and  TEoi  is  negligible.  For  multi-megawatt  devices  the 
constraints  on  mode  conversion  may  be  so  severe  that  a 
narrow  band  filter  is  needed  upstream  of  the  output  cavity 
to  keep  the  radiation  from  traveling  back  toward  the  gun. 

In  the  remainder  of  this  paper  we  concentrate  on  the  the- 
oritical  desigii  of  1 20  GHz,  second  harmonic  gyroklystron 
amplifier  consistent  with  the  parameters  of  the  University 
of  Mar:  land  device,  which  are  summarized  in  Table  1.  We 
will  first  give  the  design  f  the  output  cavity,  then  present 
the  nonlinear  gain  and  efficiency. 
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Table  1:  University  of  Maryland  Gyroklystron  Parameters. 


Beam  voltage 

425  kV 

Beam  current 

150  A 

Pitch  angle,  Uio/ujo 

1 

Magnetic  field 

5.72  kG 

Velocity  spread 

10% 

II.  Output  Cavity  Design 

Three  output  cavity  designs,  in  order  of  increasing  com¬ 
plexity,  are  shown  in  Figs,  la-lc.  Figure  la  is  the  simplest: 
at  radii  rj  and  ra  the  TE02  mode  is  cutoff,  while  at  radii 
r2  and  the  TE02  mode  may  propagate.  The  tapers  are 
designed  for  low  mode  conversion  to  the  TEoi  mode,  and 
either  the  length  of  the  lip  at  radius  ra  or  the  value  of 
ra  may  be  adjusted  to  control  the  cavity  Q.  This  type  of 
cavit>  works  well  at  low  Q,  but  at  high  Q  a  substantial 
portion  of  the  output  power  may  be  converted  to  the  TEoi 
mode.  This  is  because  the  outgoing  power  in  the  TE02 
mode  is  on  the  order  of  l/Q  of  the  circulating  power,  so 
the  amount  of  mode  conversion  to  the  TEoi  must  be  signif¬ 
icantly  less  than  l/Q.  For  Q  ~  1000,  which  is  typical,  the 
mode  conversion  must  be  much  smaller  than  -30  dB.  Such 
low  mode  conversion  may  not  be  practical  with  reasonable 
length  tapers. 

This  problem  can  be  eliminated  by  placing  a  narrow 
band  20  GHz  mode  filter  upstream  of  the  outpi; .  cavity,  as 
shown  in  Fig.  lb.  The  filter  consists  of  a  cavity  that  has  a 
low  Q  resonance  at  20  GHz,  so  it  won’t  interact  strongly 
with  the  beam.  Such  a  cavity  wi'.I  effectively  eliminate 
any  power  produced  in  the  output  cavity  from  propagating 
back  to  the  gun. 

There  is  an  additional  problem  with  the  cavities  shown 
in  both  Figs,  la  and  lb,  the  outgoing  TE02  may  be  con¬ 
taminated  by  the  TEui  mode.  One  way  to  eliminate  this 
is  by  using  the  cavity  shown  in  Fig.  Ic,  in  which  the  radius 
ra  is  cutoff  to  the  TE02  mode.  Thus,  all  the  output  power 
is  in  the  TEoi  mode.  The  length  of  the  transition  between 
radii  r^  and  ra  may  be  adjusted  to  control  the  amount  of 
mode  conversion  and  thus  the  cavity  Q.  With  the  mode  fil¬ 
ter  in  place  all  the  power  will  be  in  the  forward  direction, 
producing  a  pure  TEoi  signal. 


734 


Figure  1:  Three  output  cavity  designs  in  order  of  increasing 
complexity. 


111.  Circuit  Design 

Our  initiiil  design  employs  two  cavities  separated  by  a 
1.5  cm  radius  drift  section.  The  input  cavity  is  1.7  cm  long 
with  a  radius  of  G.l  cm  and  a  Q  of  300.  The  drift  tube  is 
10  cm  in  length.  For  simplicity  we  chose  the  output  cavity 
depicted  in  Fig.  la.  Its  dimensions  are  ri  =  1.50  cm,  ri  — 
1.72  cm,  ra  =  1.68  cm,  and  r4  =  1.80  cm.  At  these  radii 
the  TEoi  mode  at  10  Ghz  is  cutoff.  All  three  tapers  are  2 
cm  long,  the  straight  section  of  the  cavity  (at  radius  ra)  is 
1.436  cm  and  the  straight  section  of  the  lip  (at  radius  ra) 
is  .330  cm.  The  resultant  Q  of  the  output  cavity  is  600. 
With  no  beam  present,  analysis  of  the  cold  cavity  fields 
indicates  that  about  .3%  of  the  power  will  propagate  back 
toward  the  input  cavity.  This  value  will  probably  change 
when  the  beam  is  present. 

To  calculate  the  gain  and  efficiency,  we  used  a  nonlinear, 
partially  self-cons  .stent  code  which  computes  the  steady 
state  amplitude  .and  phase  in  each  cavity(2].  The  beam 
characteristics  a.  d  applied  magnetic  field  are  given  in  Ta¬ 
ble  1.  For  these  parameters  the  efficiency  was  22%,  cor¬ 
responding  to  15  MW  output  power.  We  do  not  believe 
that  this  is  an  optimized  value;  there  is  a  large  parameter 
space  to  search  and  we  have  not  yet  explored  all  possi¬ 
ble  combinations  of  output  cavity  Q,  length  and  frequency 
mismatch,  and  magnetic  field.  We  will  continue  with  our 
optimization  process  and  report  on  an  improved  design  at 
a  later  date. 

The  gain  of  this  device  was  fairly  low,  only  about  16  dB. 


However,  the  gain  can  easily  be  increased  by  raising  the 
input  cavity  Q,  tapering  the  magnetic  field  or  adding  an 
intermediate  cavity. 


IV.  Summary 

We  have  shown  that  second  harmonic  operation  with 
bunching  at  the  fundamenial  frequency  is  feasible.  With 
a  velocity  spread  of  10%,  numerical  simulations  have 
achieved  an  output  power  of  15  MW  (corresponding  to 
an  efficiency  of  22%)  at  20  GHz.  We  believe  that  the  ef¬ 
ficiency  will  increase  significantly  as  we  continue  with  our 
optimization.  The  gain  was  about  16  dB;  this  number 
will  also  increase  with  modifications  to  the  input  cavity, 
magnetic  field  tapering  or  the  addition  of  an  intermediate 
cavity. 

We  have  also  presented  a  variety  of  output  cavities  that 
can  be  used  to  prevent  feedback  of  the  output  cavity  signal 
into  the  input  cavity  and  to  guarantee  that  the  output  will 
be  in  a  pure  mode. 
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Abstract 

RF  breakdown  test  results  with  copper  and  SiOj  coated 
copper. Me  presented.  The  results  show  that  SiOj  coating 
can  withstand  an  rf  held  as  high  as  100  MV/m  at  471  MHz 
without  sparking  and  depress  the  field  emission. 

Introduction 

For  high  gradient  accelerators,  rf  voltage  breakdown 
is  one  of  the  major  factors  which  impose  the  limits  on 
the  maximum  field  gradient.  Since  Kilpatrick  proposed 
his  semi-empirical  criterion  for  rf  breakdown  limit  in  the 
1950’s  [1],  several  experiments  have  been  conducted  to  test 
the  rf  breakdown  limit  at  various  frequencies.  But  up  to 
now  the  mechanism  of  rf  breakdown  still  remains  unclear. 
Different  metals  were  tried  to  increase  the  breakdown  limit, 
but  there  is  no  substantial  increase.  The  surface  coating 
of  rf  cavities  was  proposed  to  be  a  possible  way  to  increase 
the  breakdown  limit  far  above  the  electron  muUipactoring 
limit  [2]  [3]. 

Field  emission  is  another  detrimental  factor  for  opera¬ 
tion  of  high  gradient  accelerators,  since  it  can  induce  break¬ 
down,  consume  extra  rf  power,  cause  wakefields  and  pos¬ 
sible  excitation  of  unwanted  modes  of  oscillation  in  the 
accelerating  structures.  So  the  research  on  how  to  depress 
the  field  emission  for  high  gradient  accelerating  structures 
is  needed. 

In  this  paper  we  report  our  research  on  the  possibility  of 
Si02  coating  of  copper  electrodes.  Our  interest  is  to  inves¬ 
tigate  what  improvement  could  be  made  in  the  depression 
of  the  field  emission  and  increase  of  maximum  field  gradi¬ 
ent  by  Si02  coating. 

Experiment  Setup 

The  test  setup  is  shown  in  Figure  1.  A  reentrant  type 
resonant  cavity  is  used  which  consists  of  two  demountable 
halves  and  two  movable  electrodes.  The  gap  and  resonant 
frequency  can  be  cbemged  easily  by  moving  two  electrodes. 
The  electrodes  are  composed  of  two  parts:  body  and  end 
cap.  The  end  caps  to  be  tested  are  screwed  onto  the  bodies. 
A  small  area  of  each  end  plate  of  the  cavity  was  coated  with 
titanium  to  depress  possible  muUipactoring.  The  cavity  is 
partially  water  cooled. 

Two  rf  probes  are  mounted  at  different  positions  to  mon¬ 
itor  rf  power  transmitted  into  the  cavity.  Also,  the  ratio  of 

‘Work  supported  in  patt  by  tlie  SSC 
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the  two  probes’  measurements  is  used  to  detect  other  pos¬ 
sible  modes  which  may  be  excited  at  higher  power  levels. 
Seven  thermocotiplcs  monitor  the  cavity’s  temperature  at 
various  positions. 

An  x-ray  spectrometer  is  set  up  for  the  measurement  of 
maximum  rf  field  and  field  emission  in  the  gap.  This  x- 
ray  spectrometer  consists  of  a  Nal  detector,  a  LeCroy  3001 
multichannel  analyzer,  a  LeCroy  4608C  discriminator,  an 
HP  5314A  universal  counter  and  an  IBM  PC. 


Figure  1.  Experiment  Setup. 

An  ElMAC  2KDWC0LA  klystrode  is  used  as  an  rf  power 
source  providing  8-50  /<s  long  pulses  with  a  repetition  rate 
of  10-100  Hz  [4].  The  forward  and  reflected  powers  are 
monitored  with  a  calibrated  four  port  directional  coupler, 
a  Tektronix  602A  digital  signal  analyzer  and  an  HP  408A 
power  meter.  Also  the  reflected  signal  is  sent  to  a  spark 
rate  counter. 

The  rf  cavity  is  in  a  high  vacuum  chamber  which  is 
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piimp^  by  «  500  L/scc  turbo  pump,  a  liquid  nitrogen  cold 
trap  i^d  a  mechanical  pump.  The  vacuum  feedthrough  for 
tfie  rf  coaxial  transmission  line  is  made  with  a  Teflon 
insulator  and  a  Viton  0-ring. 

Experimental  Procedure 


The  pure  electrode  end  caps  were  made  of  OFHC  cop¬ 
per.  They  were  carefully  polished  to  less  than  3  /im  finish 
and  ultrosohically  cleaned.  After  cleaning,  several  copper 
end  caps  were  coated  with  SiOj  thin  films  by  electron  beam 
evaporation.  The  thickness  of  SiOa  is  400  nm.  The  refrac¬ 
tive  index  of  SiOa  is  1.543.  Before  and  after  each  test  the 
Q  and  SWR  of  the  cavity  and  attenuation  of  rf  loops  were 
measured  several  times  with  an  HP8753B  network  ana¬ 
lyzer.  The  x-ray  spectrometer  was  calibrated  with  gamma 
ray  standards  ('^^Baj^^Coj^^^Cs,  and  **Na).  To  compare 
the  field  emission,  we  measured  the  x-ray  intensity  at  sev¬ 
eral  Held  levels  with  both  pure  copper  and  SiOj  coated 
copper  electrodes.  The  rf  frequency  was  471  MHz.  The  rf 
pulse  length  was  8  /is,  and  the  repetition  rate  was  100  Hz. 
All  tests  were  done  after  the  vacuum  chamber  was  pumped 
to  less  than  3x10“^  torr. 

The  maximum  electric  field  in  the  cavity  was  determined 
by  two  methods:  pick  up  loop  and  x-ray  spectrum.  The 
pick  up  loop  method  determines  the  m^lximum  electric  field 
by  the  expression: 


^m»x,cxp  —  '^maxitheo 


QtxpPtxp 


QtheO'Aheo 


1/2 


(1) 


where  Emu.theoi  Qthco  and  Ptheo  are  the  theoretical  max¬ 
imum  electric  field,  Q  factor  and  corresponding  dissipated 
power  as  calculated  by  SUPERFISH,  and  Qexp  and  Ptxp 
are  the  experimental  values. 

Since  the  real  field  distribution  and  oscillation  modes  at 
high  electric  field  can  be  different  from  either  those  mea¬ 
sured  at  low  field  level  or  those  calculated  by  SUPER¬ 
FISH,  it  is  necessary  to  employ  another  method  to  ensure 
the  accurate  determination  of  the  real  meiximum  electric 
field  in  the  gap.  The  x-ray  measurement  is  used  to  de¬ 
termine  the  maximum  energy  obtained  by  the  field  emit¬ 
ted  electrons.  The  high  energy  end  of  the  x-ray  spectrum 
(Bremsstrahlung)  corresponds  to  the  amplitude  of  the  rf 
voltage  in  the  gap.  The  maximum  electric  field  is  deter¬ 
mined  by  deviding  the  voltage  amplitude  with  gap  length. 

The  total  intenf.ity  of  the  x-rays  can  be  used  to  deter¬ 
mine  the  current  density  of  the  field  emitted  electrons  by 
the  following  expression: 


I  =  CjZV”'  (2) 

where  I  is  the  total  intensity  of  the  x-ray,  C  and  m  are 
constants,  Z  is  the  atomic  number  of  the  electrode  mate¬ 
rial,  j  is  the  electron  current  and  V  is  the  voltage  between 
electrodes.  The  x-ray  intensity  can  be  determined  by  the 
spectrum  if  the  other  parameters  are  fixed. 


Experimental  Results 

1.  Breakdown  limit 

The  breakdown  started  at  a  field  level  of  97-100  MV/m 
with  the  Si02  coated  electrodes.  This  sample  was  first 
tested  up  to  81  MV/m  [5].  After  the  first  test,  the  cav¬ 
ity  was  opened  and  the  electrode  surfaces  were  visually 
checked.  There  was  no  trace  of  sparking.  Afterward 
the  samples  were  kept  in  the  ordinary  atmosphere  for 
seven  months  and  were  tested  again.  The  samples  showed 
good  repeatability  until  the  first  spark  occurred  at  97- 
100  MV/m.  After  the  spark  occurred,  the  signals  from 
x-ray  spectrometer  were  heavily  piled  up,  which  indicated 
a  dramatic  increase  of  field  emission.  After  the  cavity  was 
opened,  there  were  two  small  pits  seen  on  the  electrode  sur¬ 
faces,  similar  to  those  of  pure  copper  electrodes.  Except 
for  those  two  pits,  the  Si02  film  remained  undamaged.  As 
we  previously  reported  (5],  with  pure  copper  electrodes, 
the  sparks  started  at  a  electric  field  of  about  60  MV/m. 
The  maximum  field  of  pure  copper  electrodes  can  be  main¬ 
tained  at  a  level  of  120  MV/m  after  a  long  time  careful 
conditioning,  but  there  are  a  lot  of  spark  traces  left  on  the 
surfaces  after  tests. 

2.  Field  emission 

Figure  2  shows  the  x-ray  spectrum  from  Si02  coated  cop¬ 
per  and  the  pure  copper  electrodes  at  an  rf  field  of  42.5 
MV/m.  The  pure  copper  electrodes  had  been  conditioned 
and  operated  at  various  field  levels  up  to  120  MV/m  for 
a  long  time.  The  x-ray  spectrum  was  taken  after  opera¬ 
tions  of  more  than  100  hours.  In  order  to  avoid  pileup  of 
the  x-ray  signals,  we  had  to  increase  the  shielding  of  the  x- 
ray  detector  with  increase  of  rf  field,  but  at  each  field  level, 
the  same  shielding  was  used  for  both  pure  and  Si02  coated 
copper  electrodes.  Table  1  lists  the  total  counts  of  x-ray 
signals  normalized  by  the  total  effective  counting  time  at 
three  different  rf  field  levels.  The  data  shows  that  the  to¬ 
tal  normalized  x-ray  counts  of  the  pure  copper  sample  is 
about  20  times  more  than  that  of  Si02  coated  copper. 


Figure  2.  X-ray  spectrum  at  rf  field  of  42.5  MV/m 
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TABLE  1 

Normalized  Total  Count 


f  rf'fidd 

total  counts  per  second 

ratio 

pure  Gu 

SiOa  coated  Cu 

f:::42;5^ : 

2120 

104 

20.4 

_  67;5 

3643 

148 

24.6 

:85' ,  ■ 

4488 

86 

52.2 

Conclusion 

1,  The  above  reported  results  show  that  the  SiOj  coating 
cw  incre^e  the  rf  breakdown  starting  level  up  to  97-100 
My/m.  The  Kilpatrick  limit  at  471  MHz  is  20  MV/m. 
This,  means  that  Si02  coating  may  provide  a  method  for 
keeping  the  electrode  surface  free  of  damage  during  high 

■  field  gradient  operation. 

2.  The  SiO]  coating  can  reduce  the  field  emission.  Com- 
pued  with  the  pure  copper  electrodes  which  were  used  for 
more  than  100  hours,  the  total  normalized  counts  of  the 
x-ray  signals  can  be  decreased  up  to  20  times,  This  could 
improve  operation  of  accelerators  at  high  field  gradient  by 
reducing  the  dark  current. 

References 

t  TAC  at  HARC  is  a  consortium  of  Rice  University,  Texas 
A&M  University,  the  University  of  Texas,  Prairie  View 
A&M  University,  Sam  Houston  State  University  and  the 
Baylor  College  of  Medicine  MR  Center. 

1.  W.  P.  Kilpatrick,  "Criterion  for  Vacuum  Sparking  De¬ 
signed  to  Include  Both  rf  and  dc,”  Review  of  Scientific 
Instruments,  28  (10),  824  (1957). 

2.  W.  Peter,  "Vacuum  Breakdown  and  Surface  Coating  of 
rf  Cavities,"  J.  Appl.  Phys.  56  (5),  1546  (1984). 

3.  B.  Hoeneisen,  Internal  Report  No.2,  Instituto  de  Fisica 
Universidad  de  Guanajuato,  1987. 

4.  W.  W.  MacKay,  et  al,  "Operation  of  a  473MHz  Pulsed 
Klystrode  Power  Source,"  Proceedings  of  the  1990  Lin¬ 
ear  Accelerator  Conference,  Albuquerque,  New  Mexico, 
September  1990,  pp.  186. 

5.  D.  Sun,  et  al.,  "Voltage  Breakdown  Test  At  473  MHz,” 
Proceedings  of  the  1990  Linear  Accelerator  Conference,  Al¬ 
buquerque,  New  Mexico,  September  1990,  pp.  216. 


738 


The  AGS  Booster  low  frequency  RF  system* 


R.T.  Sanders,  R  Cameron,  W.  Eng,  M.  Goldman,  D.  Kasha, 
A.J.  McNemey,  M.  Meth,  A.  Rath,  R.  Spitz. 

AGS  Department 
Brookhaven  National  Laboratory 
Upton,  New  York  11973-5000 


Abstract 


An  RF  system  has  been  designed  to  accelerate  all  the  desired 
species  of  ions  up  to  Gold,  which  will  be  available  at  |1=:0.048 
The  system  will  run  on  different  harmonic  numbers  (h).  It  will 
Stan  from  h  s  12  at  injection  and  jump  to  h  =  3  during  the 
cycle.  The  beam  will  then  be  transferred  to  the  high  frequency 
W?  system  that  will  bring  it  to  the  extraction  energy.  The  low 
frequency  system  consists  of  two  single  gap  cavitie.<!  that  sweep 
from  0.6  to  2.4  MHz,  with  gap  voltages  up  to  17  kV.  The 
cavities  are  loaded  with  TDK  SY7  high  permeability  ferrite 
rings.  Ibning  will  be  accomplished  by  changing  the  permeabil¬ 
ity  of  the  ferrite  with  dc  bias  currents  as  high  as  200  A 
flowing  in  two  "figure  of  eight"  windings.  The  cavity  will  be 
driven  by  a  200  kW  push-pull  tetrode  power  amplifier,  which 
will  be  ^ven  by  remotely  located  solid  state  drivers. 


Introduction,  system  description  and  parameters 


C  Cu  Au 


A 

6 

63 

197 

Z 

6 

29 

79 

Q 

6 

21 

33 

7.5 

2.85 

1.06 

E,« 

966 

854 

350 

Pm 

0.12 

0.078 

0.047 

P«. 

0.87 

0.85 

0.68 

APyp 

0.15 

0.24 

0.40 

Bm 

0.576 

0.531 

0.645 

Bunch 

Area 

<0.05 

<0.05 

<0.05 

P.  total 

54 

10 

3.2 

Acc.  time 

<620 

<620 

<620 

MeV/u 

MeV/u 


kG 

eVAi-s 

10’  part 
ms 


The  AGS  Booster  has  two  RF  systems  covering  a  frequency 
range  from  600  kHz  to  4.2  MHz.  The  low  frequency  system, 
also  called  Band  n,  operates  on  a  frequency  range  from  600 
kHz  to  2.4  MHz  and  consists  of  two  single-gap  cavities,  each 
capable  of  17  kV.  It  will  be  used  in  the  initial  part  of  the 
heavy  ion  acceleration  cycle.  In  this  mode  the  Booster  will 
sweep  in  less  than  one  second. 

The  system  will  run  two  different  harmonic  numbers.  The  ions 
arriving  from  the  Tandem  Van  de  Graaff  will  be  captured  on 
h=l2  from  the  Band  II  system  and  accelerated  until 


Table  1  -  Rf  parameters  for  a  few  cases  of  die  AGS  Booster  Heavy 
Ion  cycles. 


the  highest  frequency  available  on  the  Band  II  cavities  is 
reached.  It  will  then  debunched,  while  the  system  is  being 
reset  to  the  starting  frequency,  recaptured  on  h=3  and  acceler¬ 
ated  again. 

The  final  part  of  the  cycle  will  be  done  by  Band  III,  which 
also  provides  for  the  acceleration  of  both  polarized  and  non¬ 
polarized  protons  [1].  The  latter  is  already  installed  in  the 
Booster  tunnel  and  it  is  described,  together  with  the  "bench" 
test  results,  in  another  paper  in  these  proceedings  [2]. 


’Work  supported  by  the  U.  S.  Department  of  Energy. 
0-7803-0135-8/91S01 .00  ©IEEE 
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Fig.  1  -  The  Band  II  cavity.  1.  RF  tight  enclosure;  2.  Ceramic  gap  insulator;  3.  Ceramic  bias  winding  support;  4.  E)C  bias 
winding;  5.  Tuning  vacuum  capacitor,  6.  Ceramic  insulator;  7.  Bellows;  8.  Ferrite;  9.  Cooling  plate. 


The  Booster  rf  parameters  are  listed  in  Table  1.  The  parame¬ 
ters  listed  for  Gold  arc  in  the  case  of  the  AGS  fixed  target 
program.  The  dB/dt  is  of  tlie  order  of  3  T/s,  whereas  df/dl  can 
be  as  high  as  35  MHz/s.  The  momentum  spread  is  induced  by 
the  rf  during  the  non  adiabatic  injection.  Studies  on  this 
scheme  arc  still  underway  and  a  final  set  of  parameters  will  be 
developed  in  concurrence  witli  the  results  of  the  “bench"  tests 
of  the  system.  Results  such  as  dynamic  losses  in  the  cavity, 
tuning  system  reset  time  and  maximum  tuning  range  available, 
are  extremely  important  in  choosing  the  best  solution.  Table  2 
summarizes  the  high  level  system  configuration. 


N.  of  cavities 

2 

N.  of  accelerating  gaps 

2 

Peak  rf  Voliage/gap 

17  kV 

Rms  rf  power^a. 

200  kW 

Frequency  range 

0.6  -  2.4  MHz 

Hamionic  number 

12-3 

Duty  cycle 

20% 

Table  2  -  Band  II  rf  system  parameters. 


Cavity  design 

The  Low  Frequency  RF  cavity  is  a  single  gap,  ferrite  loaded 
resonator.  It  is  not  evacuated,  stnee  a  ceramic  gap  is  sealed  on 


the  bcampipe.  The  gap  also  has  a  variable  Uining  capacitor  that 
can  adjust  Uic  tuning  range,  if  needed. 

Following  a  complete  testing  and  evaluating  program  [3],  the 
ferrite  chosen  for  this  application  is  the  TDK  SY7.  Each  cavity 
uses  66  rings  of  this  Ni-Zn  ferrite,  with  a  relative  permeability 
of  1100.  Tuning  is  accomplished  by  saturating  the  ferrite  to  a 
relative  permeability  of  8S  with  a  dc  field  applied  through  two 
buss  bars,  which  cross-couple  the  two  sides  of  the  cavity, 
guaranteeing  the  push-pull  operation  of  the  system  even  at  very 
low  Q  and  decoupling  the  rf  from  the  bias  supply  [4].  The  if 
field  in  the  ferrite  can  be  as  high  as  170  G,  with  losses  up  to 
300  mW/cc.  The  rings  are  therefore  sandwiched  between  water 
cooled  copper  plates.  The  total  expected  static  losses  are  about 
170  kW  and  due  to  the  relatively  long  dimensions  of  each 
ferrite  smek,  the  stacking  order  is  particularly  chosen  trying  to 
keep  the  losses  in  each  of  the  rings  as  uniform  as  possible. 

Since  tlie  need  for  ultra  high  vacuum  (  =  10  “  torr)  imposes 
the  requirement  for  the  vacuum  chamber  to  be  bakeable  in  the 
Booster  ring  at  200®  C,  the  design  provides  elecuical  heaters 
and  thermocouples  built  into  and  around  the  bcampipe  [5]. 
Insulaung  blankets  are  used  to  protect  the  ferrite  rings  from 
high  tliennal  gradients  and  stresses.  The  Band  II  cavity  is 
shown  in  Fig.  1. 

Power  Amplifier 

The  power  amplifier  is  located  in  the  Booster  ring  dirattly 
below  the  cavity  and  it  is  designed  to  deliver  over  200  kW  rms 
on  a  17  kV  peak  accelerating  voltage.  It  uses  two  EINIAC 
Y567B  teuodes  capable  of  plate  dissipations  up  to  150  kW. 
They  are  used  running  class  AB,  in  a  push-pull  configuration, 
with  grounded  cathodes.  The  plate  peak  current  is  about  50  A, 
when  tlie  lubes  are  running  at  an  anode  voltage  of  12  kV,  with 
the  screen  grid  at  1.1  kV  and  3  A  of  quiescent  cathode  current 
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In  the  case  of  heavy  ions,  the  power  delivered  to  the  beam  is 
negligible  compared  to  the  losses  in  the  cavity:  all  the  power 
is  dissipated  in  the  ferrite. 

1  kW  drive  power  is  delivered  by  two  solid  state  class  A 
amplifiers  into  a  cross  coupling  and  matching  transformer. 
They  are  located  away  from  the  Booster  ring  to  protect  them 
from  radiation  damage.  The  transformer  is  part  of  the  input 
filtering  network,  which  is  a  broadband  low-pass  filter  that 
includes  the  tube  input  capacitance  and  is  terminated  into  two 
water  cooled  100  Ohms  dummy  loads.  The  simplified  schemat¬ 
ic  of  the  power  amplifier  and  cavity  system  is  shown  in  Fig. 
2.  The  coupling  to  the  cavity  is  done  via  DC  blocking  capaci¬ 
tors  and  the  is  brought  in  the  amplifier  through  an  RF' 
blocking  choke  to  eliminate  the  rf  voltage  affecting  the  anode 
power  supply 

The  power  amplifier  is  also  equipped  with  a  local  control 
system  that  allows  the  amplifier  to  be  operated  eitlier  from  the 
AGS  main  control  room,  the  Booster  ring  or  the  building 
where  most  of  the  equipment  is  located.  In  the  last  two  sites, 
the  system  can  be  run  both  in  manual  or  automatic  mode, 
which  in  sequence  energizes  the  filament  step-stan,  the  grid, 
anode  and  screen  supply  and  eventually  tuning  supply  and  rf 
drivers.  The  control  system  includes  all  of  the  required  safely 
features  and  interlocks. 

The  cavity  tuning  system  is  designed  to  provide  up  to  200  A 
into  the  two  turn  bias  winding.  Two  signals  are  used  m 
perform  the  task:  the  first  is  an  open  loop  program  obtained 
from  a  function  generator  that  uses  a  frequency-to-voltage 
converter  as  its  input  to  create  the  drive  signal  from  the  low 
level  frequency  program;  the  second  is  a  feedback  signal 
coming  from  the  output  of  a  phase  detector  that  compares  the 
rf  phases  of  the  plate  and  grid  signals.  These  signals  are  used 
to  drive  a  bank  of  water  cooled  power  transistors  paralleled  to 
provide  the  required  currents. 


Status 

Commissioning  of  the  Booster  is  underway  at  present  with 
proton  beams.  In  this  phase  the  Band  II  system  is  not  being 
used.  The  first  cavity  is  being  assembled  and  assembly  of  the 
first  amplifier  should  start  soon.  Full  development  of  both 
cavity  and  amplifier,  their  testing  and  installation  is  scheduled 
to  be  completed  before  the  end  of  the  year. 
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AgSTRACT 

With  the  assistance  of  the  DOE  In-house  Energy 
Management  Program,  the  Bevalac  injector  final  stage  RF 
amplifier  systems  have  been  successfully  upgraded  to  reduce 
energy  consumption  and  operating  costs.  This  recently 
complete^  project  removed  the  energy-inefficient  plate  voltage 
modulator  circuits  that  were  used  in  conjunction  with  the  final 
stage  RF  amplifiers.  Construction,  design,  and  operating 
parameters  will  be  described  in  detail. 

iNTROmCHOM 

The  energy  saving  realized  at  completion  of  the  project  was 
primarily  obtained  by  eliminating  the  filament  power  required 
for  operaUon  of  the  Hard  Tube  Modulator  system.  This 
saving,  coupled  with  that  obtained  by  removal  of  the  HTM 
water,  air  and  electronic  sunx>rt  systems,  accounts  for  over  30 
Kw  per  hour  of  operation. 

The  HTM  system  was  used  to  key  the  plate  voltage  to  two 
tubes,  a  TH-515  which  provides  800  Kw  of  RF  output  power 
and  a  TH-S16  which  provides  2.4  MegaWatts.  The  tub^  and 
their  associated  amplifier  cavities  arc  manuiactured  by 
Thomson-CSF  and  arc  used  as  the  final  RF  amplifiers  of  the 
T1  and  T2  sections  of  the  LINAC  portion  of  the  Bevalac  Local 
injector  system}. 

First  reported  in  the  1987  Accelerator  Conference  by  J. 
Alonso  ct  al,  the  proposal2  to  remove  the  HTM  system  was 
composed  of  two  related  but  separate  project  phases.  The  first 
required  modifying  the  amplifier  structure  to  remove  the 
ground  connection  to  the  final  amplifier  grid  while 
maintaining  a  low  impedance  path  for  the  grid-anode  and  grid- 
cathode  RF  circulating  currents.  This  portion  of  the  project 
was  completed  and  tested  during  operation  for  a  year  before 
completing  the  second  stage  of  the  project.  The  second  project 
provided  a  fixed  source  of  DC  grid  bias  for  the  TH-515  and  a 
pulsed  grid  bias  source  for  the  TH-516.  The  bias  voltages 
appropriately  interlock  the  DC  plate  voltage  supply  to  the 
final  amplifiers. 

Grid  ISOLATION 


concentrically  over  the  ground  cylinder  on  both  the  anode  and 
cathode  sides  of  the  structure.  The  grid  is  insulated  from 
ground  on  both  sides  by  layers  of  Kapton.  The  distance  from 
the  anode  circuit  to  the  cathode  circuit  unvcling  through  the 
structure  is  1/4  wave  length.  Also  shown  is  one  of  the  8 
coaxes  that  provide  a  path  for  the  bias  voltage  and  amplifier 
grid  currents.  Limited  drawing  resolution  docs  not  show  the 
Multi-Lam  compression  connectors  imbedded  in  the  grid 
cylinder  to  receive  the  coax  center  conductors. 


The  grid  structures  of  both  amplifiers  have  been  modified 
as  shown  in  Figure  1.  The  left  side  of  the  drawing  shows  the 
original  structure.  As  is  shown,  the  grid  conductors  extend 

*  This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Basic  Energy  Sciences,  Materials  Sciences 
Division  of  the  U.S.  Department  of  Energy,  under  contract 
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The  installation  of  the  grid  structure  in  the  amplifier  is 
shown  in  Figure  2.  The  distance  from  the  grid  cavity  shorting 
plate  to  the  connection  point  of  the  eight  coaxes  is  intended  to 
place  the  coax  to  grid  conductor  interface  at  the  minimum 
point  of  grid-cathode  RF  circulating  current  thereby 
minimizing  the  RF  voltage  generated  al  the  input  to  each 
coax. 


Figure  2. 

(Not  to  scale) 

RF  DEmiJPLING 

The  RF  voltage  generated  at  the  inputs  of  the  coaxes  is 
reduced  at  the  output  end  by  employing  an  open  ended, 
resonant,  1/2  wave  length  line,  constructed  to  terminate  each 
of  the  eight  coaxes  in  the  center  of  the  resonator  and  by  the 
use  of  individual  in-line  resistors  placed  in  series  with  each 
coax.  To  provide  maximum  burden  to  the  generated  RF,  the 
10  ohm  in-line  resistors  are  placed  radially,  as  close  as 
possible  to  the  minimum  impedance  point,  defined  at  the 
center  of  the  Coaxial  Terminating  Resonator.  To  reflect 
minimum  impedance  to  the  grid-coax  junction,  the  eight 
coaxes  are  a  1/2  wave  multiple  from  the  grid  to  the  in-line 
resistors. 

Designed  for  operation  at  200  Mhz,  the  Coaxial 
Terminating  Resonator  is  the  hub  of  the  RF  decoupling 
system.  Shown  in  Figure  3,  mounted  on  top  of  the  Grid  Bias 


Pulser  Chassis,  the  CTR  provides  a  RF  decoupled  connection 
point  at  its  center  for  interfacing  the  grid  bias  voltage  from  the 
power  supply  to  the  grid.  Another  RF  decoupled  center 
connection  point  is  provided  as  an  input  to  the  grid  voltage 
sensing  circuit  which  is  used  to  interlock  the  amplifier  plate 
voltage  supply. 


Figure  3. 

aRmSTRUCTimE-TESTS 


One  grid  structure  was  modified  and  a  CTR  was  constnicicd 
for  testing  in  the  T2  system,  to  determine  the  integrity  of  the 
structure  at  full  RF  power.  For  these  tests,  the  center 
conductor  of  the  CTR,  normally  riding  at  the  bias  voltage 
potential,  was  connected  to  ground  through  a  resistive  network 
and  the  HTM  left  in  service.  The  voltage  drop  across  the 
network  was  monitored  to  determine  the  operational  grid 
currents  and  to  determine  the  condition  of  the  isolated  grid 
structure,  as  absence  of  output  voltage  during  the  On  pulse 
would  indicate  a  shorted  grid  structure.  No  abnormalities  were 
observed  during  these  initial  tests,  and  another  grid  structure 
and  CTR  were  constructed  for  installation  on  the  T1  system. 

During  the  first  months  of  operation  two  failures  in  the 
area  of  the  coax  to  grid  interface  were  experienced.  Shown  in 
Figure  1,  the  clamps  that  secure  the  coax  outer  conductor  to 
the  ground  suiicture  in  this  area  were  modified  to  increase  the 
center  conductor  clearance  to  the  grounded  clamps.  These 
modified  structures  continued  in  service,  under  ait  operating 
conditions,  with  no  further  failures  for  over  a  year. 

Bias  Systems 

The  bias  system  for  T1  is  a  simple  full  wave  bridge  power 
supply.  The  DC  output  voltage  is  adjusted  by  the  input  Variac 
to  ensure  a  cut-off  condition  for  the  TH-515  operating  near 
Class  B.  The  bias  voltage  increases  during  the  pulse  as 
determined  by  the  product  of  grid  current  and  resistance  plus 
the  effect  of  the  grid  current  charging  the  power  supply  output 
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capacitors.  In  the  pulse  Off  condition,  the  capacitors  are 
discharged  to  the  preset  bias  voltage  by  bleeder  resistors.  The 
value  of  the  bleeder  resistance  is  adequate  to  discharge  any 
observed  or  calculated  TH-515  grid  currents. 

The  T2  system  is  more  complicated,  as  the  available  RF 
drive  is  insufficient  to  overcome  the  fixed  bias.  However,  the 
new  driver  amplifierss  under  construction  at  this  time  arc 
calculated  to  deliver  enough  power  to  operate  the  T2  system  in 
a  fashion  similar  to  Tl.  At  present,  to  compensate  for  the 
inadequate  RF  drive,  the  bias  voltage  is  connected  to  ground 
through  series  transistors  during  the  On  pulse.  The  operating 
grid  voltage  is  determined  by  the  product  of  grid  current  and  all 
the  grid  circuit  resistances  plus  the  voltage  drop  across  the 
series  FETs.  There  are  three  primary  circuit  considerations 
associated  with  the  design  of  the  FET  circuits: 

*  FET  Current 

*  FET  Voltage 

*  Minimizing  series  circuit  resistance 


Figure  4, 

The  FETs  are  specified  by  the  manufacturer  to  pass  5 
Amps  and  hold  off  1000  Volts.  These  conditions  cannot  be 
simultaneously  met  for  times  in  excess  of  S  usee, 
consequently  fast  switch  time  of  the  bias  voltage  is  essential. 
As  shown  in  Figure  4,  there  are  four  FETs  mounted  on  each 
of  four  identical  circuit  boards  to  provide  a  maximum  safe 
operating  current  of  80  Amps  for  the  FET  circuits.  This  is  a 
conservative  current  rating  for  the  calculated  and  the  observed 
maximum  grid  currents.  Also  shown  on  the  board  are  the  7 


parallel  resistors  that  act  as  a  shunt  for  monitoring  the  grid 
currents  during  operation  and  4  LEDs  that  indicate  proper 
operation  of  each  FET. 

Quiescent  voltage  holding  is  easily  obtained  by  the  1000 
volt  FETs;  however,  excessive  transient  voltages  in  the 
environment  of  high  currents  and  fast  switch  times  were  a 
major  concern.  The  circuit  was  modeled  in  Spice  to  ensure  a 
fast  and  critically  damped  response.  The  10  ohm  resistors  in¬ 
line  with  each  coax  from  the  grid  going  to  the  CTR  are  an 
integral  part  of  the  input  impedance  to  the  chosen  pi  filters, 
which  are  mounted  on  the  back  side  of  each  FET  circuit  board. 
The  filter  output  impedance  is  determined  by  the  FETs  and 
their  associated  series  resistors. 

High  POWER  Tests 

Another  6  Kw  per  operating  hour  is  saved  by  reducing  ,'hc 
plate  supply  voltage  for  the  TH-515  and  TH-516  by  10  Kv  to 
operate  at  30  Kv  and  by  the  Tl  system  efficiency,  which  was 
dramatically  increased  by  the  addition  of  fixed  bias. 

The  system  did  not  run  long  before  more  breakdowns  in 
the  area  of  the  grid  to  coax  interface  on  the  grid  structure  were 
observed.  The  metal  clamp  rings  were  replaced  with  Delrin 
clamps  and  the  structures  have  had  no  further  failures.  The 
systems  ran  undisturbed  for  about  three  months  when,  in  the 
process  of  on-line  testing  a  spare  TH-516,  pitting  was 
discovered  on  the  operating  tube  in  the  area  of  the  metal  to 
glass  seal,  near  the  tube  anode.  The  area  was  wrapped  with 
Mylar  tape.  Later  inspections  revealed  no  further  signs  of 
sparking  in  the  area  or  through  the  tape.  The  HTM  system 
was  reinstalled  to  prevent  potential  tube  damage  while  a  new 
anode  corona  shield  is  being  machined.  The  new  shield  has  not 
been  installed  as  of  this  date. 
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Abstract 

A  200Mhz  intermediate  power  amplifier  system,  comprised 
of  four  sqKuate  chassis  or  cavity  amplifiers  is  being  developed 
as  a  driver  stage  for  the  Bevalv  injector  final  RF  ampliHers. 
These  amplifiers  are  intended  to  upg^  and  replace  the  present 
systems  with  an  expected  increase  in  the  avrdlable  RF  output 
power  and  the  system  rdiabili^  while  reducing  the  associated 
operating  costs.  The  system  construction,  design,  and  initial 
high  power  test  results  will  be  pres^ted. 

INTRODUCTION 

The  200  Mhz  intermediate  power  amplifier  cait  is  designed 
as  a  self  contained,  tum-key  system  to  provide  amplification 
from  the  10  milliwatt  to  the  300Kw  level  in  four  stages. 

The  initial  stage  is  a  200  Watt,  solid  state,  RF  amplifier 
with  44  db  of  gain.  The  two  succeeding  stages  are  cavity 
amplifiers  that  incorporate  vacuum  tubes  manufactured  by 
Varian,  Power  Grid  Division.  The  first  of  the  tube  type 
amplifiers  is  driven  by  the  200  W  amplifier  and  contains  a 
3CPX800A7  triode  calculated  to  output  a  maximum  of  S  Kv/. 
The  next  stage,  driven  by  the  S  Kw  amplifier,  contains  a 
4CW2S000B  tetrode  and  is  designed  to  drive  the  final 
amplifier.  While  the  4CW2SK  stage  is  calculated  to  provide  a 
maximum  output  power  of  SO  Kw,  the  drive  requirements  of 
the  final  stage  are  quite  modest  by  comparison.  This  feature 
should  provide  for  conservative  operation. 

The  final  stage  is  designed  to  operate  with  either  a  Varian 
4CW100000C  or  a  TH535  manufactured  by  Thomson-CSF. 
The  final  stage  gain,  using  the  4CW100Ke,  is  calculated  to  be 
13  db  at  approximately  300  Kw  output.  Using  the  Thomson 
tube,  the  stage  gain  is  calculated  to  be  slightly  greater, 
however  the  maximum  achievable  RF  output  power  is 
aj^roxinuitely  300  Kw. 

All  the  amplifiers,  with  their  associated  electronic 
supplies,  cooling  systems,  interlocks,  and  status  indicator 
panels,  are  installed  in  a  single  6  foot  roll-around  rack.  The 
rack  is  constructed  of  two  standard  19  inch  double  sided  racks 
mounted  back  to  back. 

5  Kw  Amplifier 

The  5  Kw  amplifier  is  intended  to  replace  an  RCA  7651 
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amplifier  stage.  The  benefits  of  this  change  are  simplified 
cavity  construction,  reduced  bias  system  requirements,  ease  of 
maintenance,  and  tube  replacement  cost  savings  of  ~  $800  per 
tube. 

The  3CPX800A7,  chosen  as  the  7651  replacement  tube,  is 
an  oxide  coated  cathode,  high  •  mu  triode  provided  by  Varian, 
EIMAC.  The  initial  calculations  using  3CPX800A7  tube 
curves  predict  14db  gain  with  5  Kw  of  RF  output  power. 


EifiJL 

The  3CPX800A7,  the  grid  circuit  enclosure,  and  the  anode 
circuit  resonator  are  shown  in  Figure  1.  Attached  to  the 
coaxial  resonator  are  the  anode  frequency  tuner  and  the  RF 
output  and  mi  titor  connectors. 

The  amplifier  is  designed  to  run  class  B,  RF  grounded  grid 
and  DC  grounded  cathode.  RF  grounding  of  the  grid  is 
accomplished  by  sandwiching  the  insulated  grid  plate  between 
ground  planes.  The  grid-cathode  RF  input  circuit  is  designed  to 
provide  adjustment  free,  wideband  operation  from  195  Mhz  to 
205  Mhz,  with  an  input  SWR  of  less  than  2:1.  The  input 
circuits  arc  "factory  tuned"  for  minimum  SWR  at  200  Mhz  by 
use  of  novel  tuning  devices  i  located  within  the  grid-cathode 
enclosure.  With  the  exception  of  the  anode  connections,  all 
signal,  control  and  power  supply  voltages  are  interfaced  to  or 
from  the  amplifier  via  plugs  mounted  on  the  enclosure. 

At  the  design  frequency,  the  tuning  devices  present  positive 
to  negative  continuously  adjustable  input  reactances.  Each 
device  is  .shunted  by  a  choke  to  redistribute  the  reactance 
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tuning  range  and  to  provide  a  path  fcH*  anode  return  curmet  In 
circuit,  the  devices  perform  as  double  stub  tuners. 

HIGH  POWER  TESTS 

The  anode  cavity  resonance  was  adjusted  at  each  of  the 
operating  fr^uencies  listed.  The  amplifier  input  impedance 
was  adjusted  during  full  power  operation  at  198.96S  Mhz.  No 
other  adjustments  were  made  during  the  tests. 


Frequency 

198.9  Mhz 

195  Mhz 

205  Mhz 

Plate  Volts 

4Kv 

4Kv 

4Kv 

Grid  Volts 

-27  V 

-27  V 

-27  V 

Plate  current 

1.7  A 

1.8  A 

1.2  A 

Grid  current 

28  ma 

60  ma 

3  ma 

Power,  DC  input 
Power,  RF  input 

6.8  Kw 

7.0  Kw 

4.6  Kw 

232  W 

257  W 

119W 

Power,  RF  output 

4.8  Kw 

5.2  Kw 

3.0  Kw 

Input  SWR 

1.5:1 

1.4:1 

1.8:1 

Efficiency 

70.6% 

73% 

65.5% 

Gain 

13.2  db 

13.1  db 

14.5  db 

50KW  Amplifier 


The  SO  Kw  amplifier  is  intended  to  replace  a  second  RCA 
76S1  amplifier  stage.  In  addition  to  most  of  the  previously 
described  benefits,  this  replacement  significantly  increases  the 
available  RF  drive  power  to  the  300  Kw  amplifier. 

As  the  Bevalac  has  many  4CW2S000Bs  in  service,  it  was 
chosen  as  the  76S1  replacement  tube.  This  tetrode,  employing 
a  thoriated  tungsten  filament/cathode,  has  recorded  filament  life 
times  in  excess  of  40000  hours.  In  addition  to  the  the  long 
filament  life  times,  the  4CW2SK  is  a  commonly  rebuilt  tube. 
These  features  should  dramatically  reduce  the  operating  costs 
of  this  stage.  The  initial  calculations  using  4CW2SK  tube 
curves  supplied  by  Varian  predict  lOdb  gain  with  SO  Kw  of 
RF  output  power. 

The  SO  Kw  amplifier  is  mounted  in  the  roll  around  rack  on 
slides  to  provide  easy  access  for  the  maintenance  or  tuning  of 
the  components  mounted  on  the  amplifier  support  plate.  These 
components  include  the  S  Kw  amplifier,  a  SO  ohm  dummy 
load,  the  4CW2SK  plate  supply  voltage  divider,  the  filament 
voltage  Variacs  for  the  4CW2SK  and  3CPX800,  and  the  input 
impedance  tuners  for  the  SO  Kw  amplifier.  With  the  exception 
of  the  SO  Kw  and  final  stage  outputs,  all  the  amplifier  input 
and  output  connections  and  the  dummy  load  connection  are 
brought  to  the  front  panel,  where  each  stage  may  be  tested, 
leaded,  or  configured  for  normal  operation. 

The  SO  Kw  amplifier  mechanical  layout  shown  in  Figure  2 
is  not  to  scale  but  does  approximate  the  adjustable  3/4  wave 
resonant  anode  and  half  wave  resonant  grid  circuits,  the  RF 
output  assembly,  the  anode  RF  bypassing  and  the  fixed 
frequency  screen-conbol  grid  resonator.  The  resonant  frequency 
of  this  circuit  directly  affects  the  anode  to  grid  circuit 
isolation.  The  isolation,  measured  at  -2  db  with  the  grid 
grounded  at  the  socket,  was  increased  to  47db  by  terminating 
the  grid  as  described.  The  capacity,  G1  to  G2,  is  shunted  by 
the  reflected  impedance  of  the  shorted  resonator,  which  in  this 


case  is  a  line  >1/4  <1/2  wave  lengths.  Refering  to  the  article2 
by  Robert  Sutherland  and  William  Barkley  it  can  be  seen  that 
this  is  an  alternative  method  to  obtain  self-neutralization. 


(Not  to  scale) 


50  KW  High  power  test.s 


Frequency 

198.9  Mhz 

195  Mhz 

Plate  volts 

10  Kv 

10  Kv 

Screen  volts 

750  V 

750  V 

Grid  volts 

-400  V 

-400  V 

Plate  eurrent 

7.4 

6.4  A 

Screen  current 

600  ma 

480  ma 

Grid  current 

180  ma 

Not  measured 

Power,  DC  input 

74  Kw 

64  Kw 

Power,  RF  input 

5.0  Kw 

4.6  Kw 

Power,  RF  output 

53  Kw 

44  Kw 

Input  SWR 

1.1:1 

1.5:1 

Gain 

10.2  db 

9.8  db 

Efficiency 

71.5  % 

68.8  % 
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300  Kw  Amplifier 

The  final  amplifier  stage  is  intended  to  replace  the  original 
RCA  4616  with  either  a  4CW100Ke  or  a  TH535.  Both 
replacement  tubes  have  thoriated  tungsten  filament/cathodes 
and  were  cheaper  than  the  4616.  The  two  tubes  of  different 
origin  were  chosen  as  a  hedge  against  future  manufacturing 
cost  increases  or  lack  of  availability.  The  confidence  to  proceed 
was  given  by  the  success  of  our  European  colleagues  in 
testing  tubes  of  different  manufacture3  in  the  same  basic 
structure. 

The  4CWl(X)Ke  mechanical  layout  shown  in  Figure  3  is 
not  to  scale  but  does  approximate  the  3/4  wave  resonant  anode 
and  the  adjustable  half  wave  resonant  grid  circuit  and  the  anode 
frequency  tuning  slugs. 

To  date  only  the  4CWl(X)Ke  has  been  operated  at  high 
power.  Future  operations  with  the  TH535  will  require  a  new 
flange  to  interface  the  tube  anode  to  the  bottom  plate,  removal 
of  the  tube  socket  adapter  plate  which  is  install^  when  using 
the  4CWl(X)Ke  and  replacement  of  two  adapters  in  the  grid- 
cathode  circuit 


required.  RF  generated  tracking  could  be  observed  between  the 
layers  of  fiber  glass  at  the  outer  edge.  A  new  and  as  yet 
untested  board  has  been  constructed  of  a  solid  dielectric  in 
hopes  of  relieving  this  problem  before  incurring  the  costs  of  a 
copper  deposited,  Teflon  board. 

The  most  meaningful  high  power  test  was  performed  when 
we  successfully  operated  the  LINAC  R^  system  with  the 
highest  power  requirements,  using  the  300  Kw  amplifier  with 
the  4CW100Ke  installed.  The  high  power  test  data 
documented  below  were  taken  with  the  amplifier  loaded  by  a 
50  ohm  water  load.  The  data  does  not  reflect  any  output  power 
limitation  associated  with  the  300  Kw  amplifier  but  rather  the 
drive  limitations  of  the  7651  amplifier.  The  poor  efficiency  is 
caused  by  the  pulsed  grid  bias  system.  The  addition  of  the  50 
Kw  amplifier  should  eliminate  the  need  for  the  pulsed  bias 
system  and  increase  the  output  RF  power.  As  rcported4, 
higher  output  power  from  the  300  Kw  amplifier  may  simplify 
operation  of  the  final  amplifier  associated  with  Tank  2  of  the 
LINAC  RF  system.  It  is  hoped  that  operation  of  the  300  Kw 
amplifier  with  the  higher  powered  50  Kw  drive  system  will 
soon  confirm  'his  thought. 


High  power  Tests 

An  alternative  method  of  radial  line  consuoiction  for  the 
anode  resonator  was  tried  with  limited  success.  A  double  sided 
printed  circuit  board  was  fabricated  as  an  integral  replacement 
for  the  capacitively  end  loaded  radial  plates  shown  in  Figure  3. 
The  computer  generated  circuit  board  layout  was  sent  off-site 
by  modem  where  the  data  was  transformed  to  the  etched 
product.  Seen  as  a  potentially  inexpensive  option,  the  board 
was  successfully  operated  to  280  Kw  output,  however  the 
operating  pulse  width  was  reduced  to  less  than  1/5  that 


Plate  volts 

18.4  Kv 

Screen  volts 

2.2  Kv 

Pulsed  grid  volts 

-340  V 

Plate  current 

29  A 

Screen  current 

1.8  A 

Grid  current 

No  reading 

Power,  DC  input 

534  Kw 

Power,  RF  input 

12.2  Kw 

Power,  RF  output 

280  Kw 

Input  SWR 

2.4:1 

Gain 

13.6  db 

Efficiency 

52.4  % 
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Abstract 

The  design  concepts  for  ferrite-tuned  accelerating  cavities 
discussed  in  this  paper  differ  from  conventional  solutions 
asing  thick  ferrite  toroids  for  frequency  tuning.  Instead,  tuners 
consisting  of  an  array  of  ferrite-loaded  striplines  are  investi¬ 
gated.  The%  promise  more  efficient  cooling  and  higher 
operaUonal  reliability.  Layout  examples  for  the  SSC-LEB  if 
system  arc  presented  (tuning  range  47.5  to  59.8  MHz, 
repetition  frequency  10  Hz). 

I.  INTRODUCTION 

Scenarios  of  very  large  proton  accelerators  and  of  medium- 
energy  machines  for  very-high  beam  intensities  usually  con¬ 
tain  r^id  cycling  booster  synchrotrons  in  their  injector  chains 
in  order  to  save  on  costly  linac  energy  or  to  make  use  of  exis¬ 
ting  circular  accelerators  of  high  intensity  but  limited  energy. 

The  savings  on  the  one  side  challenge  an  uppermost  perfor¬ 
mance  of  the  rf  acceleraUon  system  in  the  follow-up  machine: 
very  high  acceleration  voltages  combined  with  rapid  frequency 
tuning  over  a  wide  frequency  range.  The  rf  system  of  the 
FNAL  booster  and  its  upgrade  /!/  is  our  cla^ical  example. 

18  ferrite-tuned  double-gap  cavities  produce  about  1  MV  total 
rf  voltage,  tuned  in  frequency  from  30  to  53  MHz,  and  opera¬ 
ting  wifii  15-Hz  pulse  trains.  The  10-GeV  Fermilab  booster 
synchrotron  is  the  only  one  of  its  kind  in  operation. 

Studies  and  proposals  of  accelerators  for  kaon  factories  /2-4/ 
included  boosters  with  a  32  to  1 1  %  frequency  swing  in  the  45 
to  60  MHz  range  and  repetition  rates  between  60  and  25  Hz. 


A  similar  booster  (LEB)  but  for  lower  intensity  and  10  Hz 
repetition  rate  is  included  in  the  SSC  injector  scenario  /5/. 

Tables  la  and  lb  contain  the  main  parameters  of  the  rf 
systems  of  some  of  these  booster  synchrotrons. 

II.  ORIGIN  OF  DIFFICULTIES 

The  cavity  reference  design  for  the  low-energy  boosters  of 
TRIUMF  and  SSC  is  the  quarter-wave  cavity  developed  at  Los 
Alamos  (1984-87).  It  is  shown  in  Fig.  1. 

The  use  of  low-loss  microwave  ferrites  and  ai^lication  of 
bias  fields  perpendicular  to  the  magnetic  rf  fields  made  it  pos¬ 
sible  to  achieve  much  higher  Q-values  compared  to  cavities 
using  NiZn-ferrites  (Fetmilab-booster).  This  has  stimulated  a 
coasiderablc  incrca.se  of  g^  voltages  (up  to  and  beyond  100 
kV).  Magnetic  and  dielectric  losses  were  seen  as  limiting 
factors  in  the  layout  of  booster  (and  main  ring)  rf  systems 
72,3,5-8/.  Mean  power  densities  of  about  0.2  W/eem  were 
considered  to  be  the  maximum  values  for  stable  operation /2/. 

Besides  power  and  cooling  limitations,  however,  another 
limiting  factor  has  to  be  taken  into  account:  Partial  discharge 
(corona)  between  ferrite  cores  of  the  tuner  /9/.  Due  to  the  high 
dielectric  constant  of  the  microwave  ferrite  (relative  epsilon 
about  14),  the  electric  fieldstrcngth  in  small  air  gaps  between 
ferrite  cores  is  magnified  by  their  relative  dielectric  constant. 

Taking  Ed-  25  kV/cm  as  breakdown  field  in  air,  for  exam¬ 
ple,  a  stack  of  six  ferrite  cores  with  a  total  height  of  about  IS 
cm  would  begin  to  show  partial  discharge  beyond  a  voltage  of 
about  27  kV.  The  insertion  of  five  layers  of  beryllia  plates  for 
cooling  purposes  raises  this  limit  to  about  39  kV. 


Table  la.  Comparison  of  Various  Booster  Cavity  Data, 


Machine 

SSC- 

TRIUMF- 

EHF- 

Fermilab- 

LEB 

Booster 

Booster 

Booster 

Energy  Range  (GeV) 

0.6-11 

0.45  -  3 

1.2-9 

0.2  - 10 

Frequency  Swing  (MHz) 

47.5  -  59.8 

46,1  -  60.8 

50.5  -  56 

30.3  -  53.2 

Peak  Gap  Voltage  (kV) 

88/117 

max.  62.5  /  75 

2x36 

2x30 

normal/extended  op.  normal/extendcd  op. 

DC  Beam  Current  (A) 

max.  0.5 

2.0  -  2.7 

max.  2.55 

max.  0.39 

Cavity  Length  (m) 

-1.25 

-1.23 

-3.25 

-2.4 

RF  Input  Power  /  Cavity  (kW) 

77/119 

22.5  -  93 

100-300 

100-160 

Tuning  Speed 

50  ms  (10  Hz) 

Ly^Maghine.Cigumfcrc 

10  ms  (50  Hz) 

incc. 

20  ms  (25  Hz) 

67  ms  (15  Hz) 

Number  of  RF  Cavities 

8  (single  gap) 

12  (single  gap) 

14  (double  gap) 

18  (double  gap) 

Tntil  Length,  all  cavities  (m) 

-10 

-15 

-45.5 

-43.2 

Machine  Circumference  (m) 

540  m 

215.7  m 

480  m 

471  m 

Fraction  RF,  approx.  (%) 

-1.85 

-6.8 

-9.5 

-9.2 

♦Operated  by  the  Universities  Research  Association  under  contract  with  the  U.S.  DeparUnent  of  Energy 
U.S.  Goveroine.it  work  not  protected  by  U.S.  Copyright.  7.0 


The  onset  of  partial  discharge  may  not  easily  be  realized. 
High  reliability  in  operation  can  be  assured  if  the  cavity  is 
successfully  tested  with  50  %  overvoltage,  and  if  the  compo¬ 
nents  withstand  a  rise  in  temperature  of  65  degree  C. 

High-power  tests  with  cavities  constructed  according  to  /6/ 
and  /8/  have  shown  that  imperfect  discharges  and  insufficient 
cooling  will  actually  limit  the  operation  of  a  ferrite-tuned  ca¬ 
vity  to  a  low  fraction  of  the  design  voltage. 

In  the  following,  we  will  concenuate  on  possible  improve¬ 
ments  in  both  voltage  holding  and  average  power  handling. 

III.  BENEFITS  OF  AIRGAPS 

The  insertion  of  airgaps  between  ferrite  cores  offers  two 
beneficial  effects:  the  breakdown  voltage  of  the  ferrite  stack 
rises  rapidly  with  increasing  gap  height,  and  the  dielectric 
losses  fall  dramatically.  In  fact,  they  become  negligible. 

This  is  illustrated  by  Fig.  2.  For  a  ferrite  stack  as  shown  in 
Fig.  1,  the  replacement  of  6-mm  beryllia  disks  by  airgaps 
le^  to  a  br^down  voltage  of  about  102  kV  which  would 
solve  the  voltage  problem.  Beryllia  (or  alumina)  spacers  could 
be  used  on  the  periphery  of  the  ferrite  cores  where  the  elecuic 
field  is  low. 


IV.  AIRCOOLING 

For  modest  average  power  losses  in  the  ferrite  tuner,  air- 
cooling  may  be  ^plied  as  the  most  reliable  cooling  method. 
With  a  tuner  structure  as  described  above,  longitudinal  flow  of 
air  with  strong  turbulence  around  the  inner  edges  of  the  cores 
would  be  most  efficient.  If  we  extrapolate  experience  with 
aircooled  anodes  of  high-power  electron  tubes,  it  appears  that 
average  power  losses  up  to  about  10  kW.caii  be  handled. 

V.  NUMBER  OF  CAVITY  UNITS 

Since  the  requirement  of  reliability  overrides  other  design 
factors  for  the  SSC  low-energy  booster,  sufficient  spxe  for 
cavities  is  important.  Table  1  shows  that  the  LEB  reference 
design  deviates  by  far  from  comparable  booster  designs  as  to 
the  ratio  total  rf-structure  length  to  machine  circumference. 

VI.  EDDY  CURRENT  EFFECTS 

The  outer  conductor  of  the  ferrite  tuner  will  be  sloucd  in 
order  to  allow  AC  components  of  the  bias  field  to  penetrate 
into  the  ferrite.  It  was  difficult  to  develop  an  adequate  solution 


Fig.  1.  Feirite-tuncd  quarter- wave  cavity  designed  by  LANL,  Fig.  2.  Effect  of  airgap:  gain  in  breakdown  voltage, 

chosen  as  reference  design  for  TRIUMF  and  SSC.  and  reduction  of  diclecuric  ferrite  losses. 


Fig.  3.  Folded  quarter-wave  cavity  with  pillbox-type  tuner  Fig.  4.  Drift-tube  resonator  with  lateral  stripline  tuner. 


for  the  TRIUMF  booster  (50  Hz)  but  a  satisfying  design  was 
found  /lO/.  For  the  SSC-LEB  (10  Hz),  eddy  current  losses 
play  a  less  important  role  (reduction  by  the  square  of  the  fre¬ 
quency),  However,  the  penetration  of  higher  harmonics  of  the 
bias  field  still  needs  attention.  Five  ms  after  the  beginning  of 
the  acceleration  cycle,  the  rate  of  rf  frequency  change  reaches 
its  maximum  of  1  MHz  per  ms. 

VII.  FOLDED  QUARTER  WAVE  CAVITY 

A  more  compact  cavity  design  compared  to  Fig.  1  is  shown 
by  Fig.  3.  This  is  a  folded  quarter  wave  cavity.  It  may  become 
attractive  for  the  SSC  LEB  which  requires  somewhat  less  fre¬ 
quency  tuning  compared  to  the  TRIUMF  booster.  Note  that 
there  will  be  only  one  rf  window  instead  of  two  in  Fig.  1. 

VIII.  HOM  DAMPING 

It  is  intended  to  use  the  type  of  HOM  damper  designed  by 
W.  R.  Smythe  /1 1/  which  can  easily  be  incorporated  in  any 
cavity  type  at  the  accelerating  gap(s). 

IX.  STRIPLINE  TUNERS 

The  idea  of  using  ferrite-loaded  striplines  for  cavity  tuning 
has  been  promoted  by  E.  Pivit  /12, 13/.  Commercial  experi¬ 
ence  exists  with  a  fast  ferrite  tuner  built  for  the  BNL  light 
soiuee  /12/,  This  20K>hm  stripline  tuner  can  handle  a  maxi¬ 
mum  dissipated  power  of  22  kW,  max.  SOS  A  and  2S.2  kV. 
The  outer  conductor  of  the  stripline  is  of  rectangular  shape 
(about  20  cm  X  6  cm),  the  watercooled  inner  conductor  carries 
ferrite  tiles  of  about  6  mm  thickness  which  arc  glued  onto  it 
with  a  very  thin  layer  of  epoxy  resin. 

The  same  technique  has  been  successfully  used  over  several 
decades  in  high-power  ferrite  circulators  (in  use  with  c^e- 
colliders  at  CERN,  DESY  and  elsewhere  for  transmission  of 
CW  rf  power  up  to  1.1  MW).  The  cooling  capability  is  of  the 
order  of  10  W/cem.  Recent  tests  with  even  20  W/eem  at 
CERN  (324  MHz)  did  not  lead  to  damages  /14/. 

Radiation  damage  tests  with  thermosetting  resins  are  docu¬ 
mented  by  CERN  /IS/.  Results  arc  shown  for  absorbed  doses 
up  to  100  MGy.  It  may  be  concluded  that  radiation  damage 
will  not  be  a  major  issue  if  stripline  tuners  of  the  kind  descri¬ 
bed  above  will  used  for  booster  rf  systems. 

A  double-g^  cavity  with  a  broad  stripline  tuner  designed  for 
the  possible  use  in  the  SSC  low-energy  booster  is  sketched  in 
Fig.  4.  The  width  of  the  inner  stripline  conductor  is  100  cm. 
The  distance  between  ferrite  carriers  is  S  cm;  the  airgap  bet¬ 
ween  the  12.5  mm  thick  ferrite  layers  is  2.5  cm.  The  length 
of  the  tuner  is  40  cm.  Tuning  from  47.5  to  59.8  MHz  requires 
a  permeability  tuning  from  3.5  to  1.4. 

The  4  layers  of  the  tuner  have  a  total  surface  of  1.6  qm.  If 
2.5  W/eem  are  taken  as  eonservative  limit  for  mean  losses  we 
would  obtain  a  value  of  40  kW  for  the  tolerable  total  losses. 

With  a  breakdown  fieldstrengih  of  25  kV/cm  in  air,  the 
breakdown  voltage  of  this  tuner  would  be  around  60  kV. 

The  voltage  stepup  ratios  from  the  center  of  the  (150  degree) 
drift  tube  to  the  gaps  are  1.6  (47.5  MHz)  and  2.3  (59.8  MHz). 

The  gap  voltages  of  this  resonator  are  limited  to  about  2  « 
50  kV  by  the  cylindrical  vacuum  windows  between  inner  and 
outer  drifl  tube  conductors.  The  recommended  operational  gap 
voltages  are  2  X  35  kV.  Thus,  10  cavities  would  be  needed  to 
generate  the  required  700  kV  total  rf  voltage  for  the  booster. 


Suipline-type  tuners  may  also  be  designed  in  coaxial  or 
pillbox  shape,  see  for  instance  Fig.  3  or  proposals  in  /1 3/. 

X.  CONCLUSIONS 

A  variety  of  options  discussed  in  this  report  permit  substan¬ 
tial  improvements  on  both  voltage  holding  capabilities  and 
tolerable  rf  power  levels  of  ferrite-tuned  cavities  for  r^id- 
cycling  booster  synchrotrons. 

XL  ACKNOWLEDGEMENTS 

The  author  has  profited  from  collaboration  with  colleagues 
from  LANL,  TRIUMF,  FNAL,  and  SSCL  in  various  ”50- 
MHz  RF  Workshops",  by  contributions  from  Bosch-ANT,  as 
well  as  from  other  Laboratories  and  Universities.  Special 
thanks  should  be  added  to  Warren  Funk  and  Jimmy  Rogers  for 
valuable  comments  and  support 

XII.  REFERENCES 

/!/  Q.  A.  Kerns,  et  al.,  "30-53  MHz  super  cavities  for 
10  GeV  acceleration  in  the  Fermilab  booster  ring, 

IEEE  Trans.  Nucl.  Sci.  26  (3),  4111  (1979). 
fU  LANL,  "Physics  and  Plan  for  a  45  GeV  Facility", 

LA- 10720-MS,  ch.  7.1,  Los  Alamos  National 
Laboratory,  May  1986. 

/3/  TRIUMF,  "Kaon  Factory  Proposal",  ch.  4.3.3. 

Sept  1985,  and  "Kaon  Factory  Study",  1990. 

/4/  EHF,  "Proposal  for  a  European  Hadron  Facility", 
ch.  18,  May  1987. 

/5/  SSC  Laboratory,  "Site  specific  conceptual  design", 
ch.  4.2.6,  June  1990. 

/6/  R.  D.  Carlini,  et  al..  "The  Los  Alamos  ferrite-tuned 
cavity",  Proc.  Intemat.  Workshop  on  Hadron  Facility 
Technology,  Los  Alamos,  Feb.  1987. 
m  H.A.  Thiessen,  "Wrap-up  on  ferrite-tuned  cavity  test  at 
Los  Alamos",  50-MHz  RF  Workshop  Duncanville, 

Oct.  1989. 

/8/  G.  Swain,  "RF  design  of  main  ring  cavity",  and 
C.  Friedrichs,  "Testing  of  main  ring  cavity",  ibidem. 

191  G.  Schaffer,  "Comments  on  the  cavity  design  for  the 
supercollider-low-energy  booster  (LEB)",  SSC-RF 
Workshop  Dallas,  April  1990,  and  LANL  Report 
LA-UR-90-1606.  May  1990. 

/lO/  R.  Poirier,  et  al.,  A  perpendicular  AC  biased  ferrite-tuned 
cavity  for  the  TRIUMF  kaon  factory  booster  synchro¬ 
tron",  2nd  European  Particle  Accelerator  Conference, 
Nice,  June  19W. 

/ll/  W.  R.  Smythe,  et  al.,  "A  versatile  cavity  mode  damper", 
ibidem. 

/12/  E.  Pivit,  "Fast  ferrite  tuner  for  the  BNL  light  source", 
SSC-RF  Workshop,  SSC  Laboratory,  April  1990,  and 
S.  Martin,  et  al..  "A  suipline  design  of  a  fast  ferrite 
tuner  (FFT^",  2nd  European  Particle  Accelerator 
Conference,  Nice,  June  1990. 

/13/  E.  Pivit,  "Cavity  with  watercooled  ferrite  carrier", 

RF  Workshop  held  at  TRIUMF,  Vancouver,  Oct.  1990. 
/14/  E.  Pivit,  private  communication,  April  1991. 

/15/  H.  Schocnbacher  and  A.  Stolarz-Isycka,  "Compilation  of 
radiation  damage  test  data.  Part  II:  Thermosetting  and 
thermoplastic  resins",  CERN  79-08,  August  1979, 
pp  21-129. 


750 


Injection  locking  of  a  long-pulse  relativistic  magnetroti 

S.C.  Chen,  G.  Bekefi,  and  R.J.  Temkin 

Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 


Absiract 

We  report  the  injection  locking  results  of  a  long-pulse 
(2p(M00  ns)  high  power  (20-30  MW)  relativistic  mag¬ 
netron  at  3.3  GHz.  Phase-locking  with  reproducible  locked 
Mgle  is  achieved  with  an  injection  power  ratio  as  low  as 
1:200.  The  locked  states  are  phase  stable  to  within  ±3* 
during,  the  pulse.  Phase  locking  physics  is  studied  and 
important  effects  due  to  frequency  pushing  are  identified. 
The  locking  bandwidth  and  the  dependence  of  final  locked 
phase  on  injection  parameters  are  measured  and  are  found 
to  agree  well  with  theory. 

LJNTRQD.VgTIQM 

Phase-locking  of  a  high  power  relativistic  magnetron 
oscillator  has  been  a  subject  of  intensive  experimental 
and  theoretical  research.  Phase  locking  through  the 
lijection  of  an  external  low  power  reference  signal  has  the 
following  advantages.  First,  the  same  phase  locking  physics 
applies  to  all  the  master-slave  pairs  and  to  the  whole  phase- 
locked  array.  No  additional  complication  arises  for  phase¬ 
locking  a  large  number  of  oscillators.  Second,  output  phase 
and  frequency  can  be  controlled  by  adjustments  made  at 
very  low  power  levels.  Third,  several  high  power  oscilla¬ 
tors  can  share  the  same  tow  power  driver,  which  is  usually 
simple  and  available  at  low  cost. 

Injection  locking,  however,  requires  high  power  oscil¬ 
lators  with  good  mode  and  frequency  stability,  and  with  a 
pulse  length  longer  than  the  phase-locking  time.  This  pa¬ 
per  describes  the  operation  of  such  a  long-pulse  relativistic 
magnetron  oscillator  system  and  its  injection-locking.  Sec¬ 
tion  II  describes  the  apparatus  used  in  the  experiment. 
Section  fll  discusses  the  general  operating  characteristics 
of  the  free  running  relativistic  magnetron  (III.A)  and  the 
results  of  the  phase  locking  experiment  (III.B).  Section  IV 
summarizes  the  main  results  of  the  phase  locking  study, 

II,  APEARATUg. 


I.  The  magnetron  diode  (SM2)  has  a  large  A-K  gap  (1.35 
cm)  to  prevent  gap-closure  and  to  enhance  the  power  han¬ 
dling  capability  of  the  structure.  A  thick  velvet  washer  (5 
mm)  is  chosen  for  the  phase  locking  experiment.  Thicker 
cathodes  have  longer  lifetimes  and  sustain  the  2D-mode 
structure  better  than  thin  washers. 

m.  EXPERIMENTAL  RESUmi 
A.  Operating  characteristics 

Figure  1  shows  the  time  dependence  of  output  mi¬ 
crowave  and  the  corresponding  magnetron  voltage.  The 
microwave  duration  ranges  from  200  to  400  ns.  The  impedance 
of  the  magnetron  diode  varies  slowly  with  time,  and  no 
signs  of  impedance  collapse  (on  the  fast  time  scale)  are  ob¬ 
served.  Microwaves  are  generated  at  the  onset  of  the  radial 
current,  which  is  about  300-400  A  Typical  peak  powers 
are  between  20  and  30  MW.  The  efficiency,  namely  the  out¬ 
put  power  normalized  to  the  total  electron  beam  power,  is 
about  16  percent.  The  efficiency  can  be  improved  by  re¬ 
ducing  the  axial  current. 


(Times  iOE-6) 

Figure  1  Operating  characteristics  of  a  free-running  SM- 
2  magnetron. 


The  transformer-based  high  power  modulator  produces  g  Phase  locking  result 
up  to  500  MW,  2  fis  pulses  with  a  repetition  rate  of  5  Hz. 

The  high  voltage  pulses  are  delivered  through  the  cathode  The  layout  of  the  phase-locking  experiment  is  shown 

shank  to  the  magnetron  diode.  The  relativistic  magnetron  schematically  in  figure  2.  Microwave  radiation  is  extracted 

diode  is  located  at  the  center  of  the  bore  of  a  superconduct-  from  the  interaction  region  through  a  high  power  circulator 
ing  magnet  capable  of  generating  uniform  DC  fields  up  to  with  20  dB  isolation.  The  power  from  the  tunable  1  MW 

22  kG.  Microwave  output  is  extracted  radially  in  waveg-  Rp  driver  is  injected  through  the  same  circulator  into  the 

uide  through  the  radial  access  holes  in  the  superconducting  main  oscillator.  A  20  dB  isolator  is  placed  between  the 
magnet.  The  experimental  parameters  are  listed  in  Table  driver  and  the  circulator  so  that  the  overall  isolation  is  40 
0-7803-0135-8/91S01.00  ©IEEE 
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dB.  The  isolation  prevents  the  driver  from  being  locked  by 
RM’s  leakage  power. 


SUPERCONDUCTING 

MAGNET 

Bmax*22KG 


Figure  2  Schematic  of  the  phase-locking  experiment. 


Clear  signs  of  phase  locking  are  observed.  Figure  3 
is  an  example  of  such  a  phase-locked  shot.  The  driver 
signal  Pj  (middle  trace)  is  monitored  before  injection  into 
the  circulator.  The  upper  trace  shows  the  high  power  RF 
from  the  RM  riding  on  top  of  a  low  power  injection  plateau. 
The  bottom  trace  in  figure  3  shows  the  evolution  of  the 
relative  phase.  During  the  absence  of  the  RM  signal  (for 
example,  in  the  time  interval  between  0.9  and  1.1  /is)  the 
phase  detector  measures  the  relative  phase  between  the 
driver  signal  and  its  own  image  -  the  low  power  plateau. 
The  result  is  a  relative  phase  constant  in  time.  We  use 
this  as  a  reference  state  at  0®.  When  the  RM  turns  on 
at  1.15  fts,  the  relative  phase  is  pulled  to  a  new  angle  at 
12  ®.  This  new  phase  angle  is  reproducible  from  shot  to 
shot  and  defines  a  phase  locked  state  which  relaxes  back 
to  the  reference  state  at  0®  when  the  RM  is  off.  By  using  a 


stringent  criterion  of  ±3°  to  define  the  phase-locked  states, 
typically  the  locked  duration  is  between  100  and  300  ns. 
The  shot-to-shot  reproducibility  of  the  final  locked  phase 
angle  is  better  than  ±2® . 


The  results  of  a  large  number  of  experiments  involv¬ 
ing  various  injection  frequencies  (ranging  from  -10  MBiz  to 
10  MHz)  and  injection  power  ratios  (ranging  from  1:1000 
to  1:10)  are  compiled  in  figure  4.  The  solid  squares  in 
the  figure  stand  for  the  cases  phase-locked  states  are  iden¬ 
tified.  The  blank  squares  represent  those  cases  when  no 
phase-locking  occurs.  A  magnetron-specific  phase-locking 
model  was  developed  in  reference  6  using  the  standard 
equivalent-circuit  approach  and  takes  into  account  the  fre¬ 
quency  pushing  effect.  The  model  predicts  a  locking-bandwidth 
wider  than  that  in  conveniional  locking  theory 


Au  < 


Up 

2Q  •  cosa 


In  the  equation,  Au)  is  the  locking  frequency  range,  wq  is 
the  free-running  oscillator  frequency,  a  is  the  frequency 
pushing  parameter,®  and  Po  and  P,-  are  the  oscillator  out¬ 
put  and  input  power,  respectively.  The  l/coso  factor  is 
the  attributed  to  the  frequency  pushing  effect  in  RMs. 


0  — .  t.  .. . .  0^7^.  .  - - -  ■  ■  I 

-12  -8  -4  0  ‘1  8  12 


fiequency  Different (MH^) 


Figure  3  Example  of  a  phase-locked  shot. 


Figure  4  Map  of  the  phase-locking  zone. 


The  two  solid  curves  in  figure  4  are  the  locking  zone 
boundaries  predicted  by  (1)  the  Adler’s  condition  with  fre¬ 
quency  pushing  effect  correction  and  (2)  the  Adler’s  condi¬ 
tion  alone.  The  data  points  are  consistent  with  the  theory 
curve  described  by  the  above  equation  with  a  pushing  pa¬ 
rameter  a  of  0.45.® 
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The  magnitude  of  frequency  pushing  is  also  confirmed 
in  aii  independent  measurement  of  the  final  phase.  In  fig¬ 
ure  5,  the  dependence  of  the  final  locked-phase  on  the  in¬ 
jection  power  and  frequency  is  mapped  out.  The  cases  for 
5  injection  frequencies  ( -4MHz,  -2MHz,  OMHz,  2MHz,  and 
4MHz)  are  shown  for  various  injection  power  ratios  (1:1000 
to  1:10).  Again,  the  data  points  agree  well  with  the  theory 
with  a  frequency  pushing  parameter  a  of  0.45. 


Figure  5  The  dependence  of  the  final  locked-phase  on 
the  injection  power  and  injection  frequency 
difference. 


IV.  CONCLUSION 

We  have  phase  locked  an  S-band  (3.3  GHz)  long-pulse 
high  power  relativistic  magnetron  oscillator  (400  ns  at  25 
MW)  by  external  iiyection  (20  kW  -  1  MW).  A  repro¬ 
ducible  final  phase-locked  angle  is  achieved  with  an  injec¬ 
tion  power  ratio  as  low  as  1:200.  The  phase  stability  of  the 
phase-locked  states  is  ±3®  degrees  throughout  the  300  ns 
pulse. 

Parametric  study  of  the  phase-locked  states  reveals 
the  importance  of  frequency  pushing  effect  in  phase-locking. 
The  measured  locking  bandwidth  agrees  well  with  the  the¬ 
ory  which  takes  into  account  the  frequency  pushing  effect. 
The  measured  dependence  of  final  locked  phase  on  Aw  and 
Pi/Po  also  agrees  well  with  theory. 
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Abstract 

Cyclotron  autoresonance  maser  (CARM)  amplifiers  are  un¬ 
der  investigation  as  a  possible  source  of  high-power  (>100 
MW),  high-frequency  (>10  GHz)  microwaves  for  powering 
the  next  generation  of  linear  colliders.  A  design  for  a  high- 
power,  short  pulse,  17.136  GHz  CARM  amplifier,  utilizing  a 
500  kV  linear  induction  accelerator,  is  presented. 

I.  Introduction 


A.  Next  Generation  Collider  Requirements 

The  next  generation  of  TeV  e*e”  linear  colliders  of  reason¬ 
able  length  and  cost  will  require  [1,2,3]  at  least  an  order-of- 
magnitude  increase  in  the  accelerating  gradient  above  the 
10-20  MeV/tn  that  is  presently  achieved  using  conventional 
S-band  klystron  drivers.  In  order  to  obtain  these  accelerat¬ 
ing  gradients,  the  RF  peak  power  and  frequency  must  be  in¬ 
creased  substantially.  The  RP  peak  power  breakdown  limit  is 
increased  by  increasing  the  frequency  and  decreasing  the  RF 
pulse  length. 

At  present,  designs  for  the  next  generation  collider  have 
settled  on  17.136  GHz  as  a  reasonable  choice  for  the  oper¬ 
ating  frequency  [4,5,6].  The  typical  peak  power  that  will  be 
required  per  source  is  in  the  500  MW  to  1  GW  range,  with  rf 
pulse  lengths  in  the  neighborhood  of  25-50  ns  [4,5].  For  such 
a  design,  accelerating  gradients  may  be  on  the  order  of  200 
MeV/m. 

RF  sources  capable  of  fulfilling  all  of  the  requirements  of 
these  accelerators  do  not  yet  exist.  Stanford's  two  mile  linear 
accelerator,  SLAC,  is  powered  by  S-band  klystrons:  however, 
SLAG  operates  at  2.86  GHz.  Because  klysuons  are  very  dif¬ 
ficult  to  operate  above  ^lO  GHz,  alternative  high  power  RF 
sources  need  to  be  investigated. 

B.  Promising  Sources 

Promising  sources  that  may  replace  the  klystron  for  driv¬ 
ing  the  next  generation  linear  collider  are  gyroklystrons,  free 
electron  lasers  (FELs),  and  Cyclotron  Autoresonance  Maser 
(CARM)  amplifiers  [7,6].  These  masers  have  the  potential 
to  operate  as  high-gain,  high-efficiency,  high-power  amplifiers 
in  the  frequency  regime  applicable  to  this  next  generation  of 
colliders. 

0-7803-0135-8/91S01.00  ©IEEE 


C.  Description  of  a  CARM 

The  CARM  is  similar  to  a  gyrotron,  except  that  the  elec¬ 
tromagnetic  wave  propagates  with  a  phase  velocity  close  to 
the  speed  of  light.  The  CARM  typically  employs  relativistic 
electron  beams  with  pitch  angles  (a  =  vx/vi)  smaller  than 
that  of  the  gyrotron.  However,  unlike  gyrotrons  and  free- 
elcctron  lasers,  there  are  few  experimental  demonstrations  of 
the  CARM  [8,9,10]. 

In  design  of  a  high-peak  power  CARM  amplifier,  the  elec¬ 
tron  beam  energies  which  result  in  the  most  attractive  operation 
arc  typically  in  the  0.5  -  2  MeV  range.  Consequently,  beam 
generation  for  a  high-power  CARM  amplifier  is  well  suited 
to  two  accelerator  technologies.  Both  high-voltage  (500  kV 
-  1  MV)  SLAC-type  pulse  modulators  and  linear  induction 
accelerators  can  be  us^  for  c-beam  generation.  For  CARM 
designs  based  on  induction  accelerators,  the  peak  beam  powers 
and  beam  pulse  durations  result  in  the  generation  of  rf  pulses 
which  are  already  well  suited  to  the  requirements  of  future 
colliders.  In  addition,  a  unique  feature  of  CARM  amplifiers 
that  use  a  bifilar  helical  wigglcr  to  spin-up  the  electron  beam 
is  that  the  wiggler  can  be  designed  so  that  the  phase  stability 
of  the  CARM  is  substantially  enhanced. 

We  have  completed  the  design  study  of  an  induction  accel¬ 
erator  driven  CARM  amplifier  with  a  500  kV  electron  beam, 
and  we  are  currently  assembling  such  a  CARM  amplifier.  This 
design  is  attractive  for  a  proof-of-principle  CARM  amplifier 
experiment.  Results  of  the  design  study,  as  well  as  final  design 
parameters,  are  presented  in  this  paper. 

II.  THEORY 

The  CARM  interaction  occurs  when  electrons  undergoing  cy¬ 
clotron  motion  in  an  axial  magnetic  field  (B  =  Bi)  in¬ 
teract  with  an  electromagnetic  wave  ((0,k)  with  wavevector 
nearly  parallel  to  the  axial  field  B.  The  resonance  condi¬ 
tion  is  then  to  -  =  sQc  where  s  is  the  harmonic  num¬ 

ber  and  £2c  is  the  relativistic  cyclotron  frequency  defined  by 
fic  =  Dco/Y  =  qeB/ymoc.  The  well-known  resonance  condi¬ 
tion  for  the  CARM  is  thus  to  =  s0^o/';(i  -  3-/Ppa)  where  y 
and  P;  arc  the  electron  energy  and  velocity  in  the  z  direction. 
The  wave  phase  velocity  is  given  by  Pj,*  =  Vph/c  =  (o/cJt, .  As 
is  apparent  from  the  resonance  condition,  the  CARM  is  capable 
of  operation  at  a  large  Doppler  upshift  from  the  cyclotron  fre¬ 
quency  (in  contrast  to  the  gyrotron).  Foryb^  >  l.Pio  w  1/Yo. 
and  Pph  w  1 ,  there  is  a  yo^  frequency  upshift  from  the  relativis- 
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Uc  cyclotron  fi^uency  ile  (or  a  yo  upshift  from  the  noniel- 
Mvistic  cyclotron  frequency,  £lco).  For  the  numerical  results 
given  here,  we  cwisidCT  only  CARM  operation  at  the  funda¬ 
mental  of  the  cyclotron  frequency  (s  =  1). 

ni.  Design 

A.  Introduction 

We  have  completed  the  design  of  a  CARM  amplifier  uti¬ 
lizing  a  ^  kV  linear  induction  accelerator  (LIA)  [11].  The 
CARM  amplifier  has  been  designed  to  run  in  the  TEu  mode 
at  17.136  GHz.  A  three  period  bifilar  helical  wiggler  with  a 
wiggle  wavelength  of  9.21  cm  and  a  field  of  up  to  SO  G  will 
be  used  to  spin-up  the  electron  beam.  Other  parameters  from 
the  expenment  are  listed  in  Thble  1. 


Parameter 

Design  Value 

Beam  Energy 

500  keV 

Beam  Ciurent,  h 

SOOA 

Pulse  Length 

30  ns 

Beam  Pitch,  Oo  =  Pio/P^o 

0.4 

Frequency,  ta/ln 

17.136  GHz 

Mode 

TCu 

Waveguide  Radius, 

1.3  cm 

Phase  Velocity,  p^r, 

1.088 

Guide  Field,  Bo 

3.06  kG 

Detuning,  A 

0.4 

Input  Power, 

800  W 

Est.  Velocity  Spread,  Opjp, 

<  1.6% 

Energy  Spr^,  Oy/y 

<  1.6% 

Efficiency,  T).  untapered 

13.5%  (Op,  =0) 

9.3%  (Op,  =0.02) 

Output  Power,  Pm 

33.6  MW  (Op,  =0) 
23.3  MW  (Op,  =0.02) 

Saturation  Length,  rut 

0.93  m  (Op,  =  0) 

1.01  m  (Op,  =  0.02) 

Gain 

46.2  dB  (Op,  =0) 

44.6  dB  (Op,  =  0.02) 

Thble  1:  CARM  amplifier  design  parameters. 


B.  Efficiency  Optimiation 

Figs.  1,  2,  and  3  show  how  the  efficiency,  the  beam  pitch, 
and  the  saturation  length  of  the  CARM  amplifier  vary  with 
detuning.  Different  curves  in  the  figures  represent  different 
values  of  coupling  and  of  waveguide  radius.  The  value  of  e/Cc 
indicates  how  close  the  interaction  is  to  the  theoretical  thresh¬ 
old  for  excitation  of  an  absolute  instability,  with  e/Sc  =  1 
corresponding  to  this  threshold.  For  e/ec  >  1,  the  interac¬ 
tion  is  further  prone  to  excite  an  absolute  instability.  Because 


of  the  short  pulse  length  of  the  induction  linac,  it  is  unclear 
how  much  of  a  problem  absolute  instabilities  will  pose.  The 
convective  instability  may  still  be  able  to  dominate  the  abso¬ 
lute  instability  for  values  of  z/t^  >  1.  However,  the  CARM 
amplifier  design  is  based  on  operation  for  values  of  e/ec  just 
below  1.  With  such  a  coupling  value,  it  is  clear  from  Fig.  1 
that  higher  detunings  yield  higher  efficiencies,  however  Fig.  1 
does  not  plot  efficiencies  for  A  >  0.4  because  the  efficiency 
falls  off  rapidly. 

600  kV,  600  A.  TEn.  Pd-SOO  W  O  17.136  GHz 


500  kV.  500  A.  TBj  j.  Pd^BOO  W  O  17.136  OHi 


C.  Phase  Stabiiity 

We  have  demonstrated  through  simulations  that  a  CARM 
amplifier  that  utilizes  a  bifilar  helical  wiggler  to  increase  the 
pitch  of  the  electron  beam  can  be  optimized  to  have  excellent 
phase  stability.  By  setting  the  wiggler  guide  field  and  wig¬ 
gle  field  to  the  right  values,  the  correlation  between  yo  and 
Pxo  runs  exactly  tangent  to  the  zero  phase  shift  curve  for  the 
CARM  interaction,  as  shown  in  Fig.  4.  This  dramatically 
enhances  the  phase  stability  of  the  CARM  amplifier.  Fig.  5 
shows  the  optimal  phase  stability  results.  For  the  design  pa¬ 
rameters  of  Thble  1,  a  phase  stability  of  ±0.8°  is  predicted 
over  a  voltage  variation  of  ±1%. 
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500  kV.  500  A.  TEi  1.  Pd=B00  W  O  17.136  OHa 


Figure  3:  CARM  amplifier  saturation  length. 


Figure  4:  CARM  amplifier  constant  phase  curves  over  beam 
pitch  and  beam  voltage.  The  optimal  wiggler  correlation  is 
superimposed. 


Figure  5:  CARM  amplifier  phase  stability  over  beam  voltage 
for  three  different  values  of  beam  pitch,  with  wiggler  design 
optimized  to  maximize  phase  stability. 


IV.  Conclusions 

The  CARM  amplifier  is  a  promising  source  of  high  frequency 
radiation  for  future  linear  colliders,  intemetion  efficiencies  are 
predicted  to  be  in  the  10-40%  range,  with  higher  efficiencies 
attainable  by  magnetic  field  tapering. 
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Abstract 

FCI-JEield  Charge  Interaction 
code  is  a  2  1/2  dimensional  parti- 
cle-ih-cell  simulation  program  dedi¬ 
cated  to  analyse  and  design  high 
power  klystron  amplifiers.  The  code 
simulates  the  electron  beam  motion 
with  cylindrical  symmetry,  by  taking 
into  account  the  space-charge 
fields,  RF-cavity  and  external  focu¬ 
sing  magnetic  fields.  The  cavity 
voltages  and  the  output  power  are 
determined  by  solving  the  circuit 
equations  self consistently.  Simula¬ 
tions  of  real  tubes  give  better  un¬ 
derstanding  in  beam  dynamics  and 
lead  to  improvements  in  stability 
and  efficiency.  Examples  of  simula¬ 
tions  compared  with  measured  data  of 
high  power  klystrons  are  presented. 

I .  Introduction 

Since  the  entrance  of  digital  com¬ 
puters  in  the  60 'th  a  lot  of  compu¬ 
ter  codes  for  simulation  of  particle 
movements  forced  by  static  electric 
and  magnetic  fields  have  been  deve¬ 
loped  and  presented  (SLACTRAY/EGUN, 
EBQ,  INP,  DEMEOS,  TRACE,  etc.).  La¬ 
ter  on  computer  codes  using  disc 
models  have  been  introduced  to  cal¬ 
culate  the  interaction  behavior  of 
linear  beam  tubes  (DISK,  LPDISK, 
etc.) .  But  these  codes  were  restric¬ 
ted  to  small  signal  simulation,  be¬ 
cause  they  did  not  take  into  account 
radial  forces  of  space  charge  due  to 
bunching  effects.  The  latest  deve¬ 
lopments  in  computer  simulation  for 
particle  accelerators  lead  to  parti¬ 
cle-in-cell  codes  where  the  forces 
and  movement  of  so  called  "superp- 
articles"  are  calculated.  With  these 
codes  a  large  signal  simulation  of 


high  power  klystrons  is  possible 
today. 


II.  Calculation 

Taking  the  6  cavity,  1.1  MW  PHILIPS 
YK1303  klystron  as  an  example  the 
power  of  the  particle-in-cell  code 
FCI  developed  by  T.  Shintake  at  KEK 
[1]  will  be  demonstrated. 


Klystron  Simulation 


Figure  1.  FCI-CODE  Input  and  Output 

The  code's  working  area  is  restric¬ 
ted  to  the  RF-section  of  a  klystron. 
This  area  and  the  mesh  size  is  de¬ 
find  by  MESH  routine.  The  MAGNET 
routine  calculates  the  two-dimensio¬ 
nal  focusing  field  from  on-axis  mea- 
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svired  or  calculated  (Poisson,  PE2D) 
data.  The  cavity  fields  inside  the 
drift-tube  regions  are  determined  by 
CAVITY  routine  from  data  as 
gap  position  and  size,  and  harmonic 
number . 

From  beam  voltage  and  current,  beam 
radius  and  slope  (calculated  by 
EGUN) ,  drive  frequency  and  power, 
and  cavity  parameters  R/Q,  and  Iq 
(calculated  by  Superfish)  BE^H  rou¬ 
tine  MODE-1  determine  the  beam  ad¬ 
mittances  seen  by  the  cavities. 
See  Fig.  1. 

With  these  Yj,  as  input  parameters 
SEAM  MODE-2  finally  simulates  the 
particle  trajectories  and  calculates 
all  cavity  voltages  and  output 
power. 


III.  Results 

Fig.  2  shows  4  "snap  shots"  of  beam 
profile  for  the  YK1303  at  P^j  =  70W 
and  output  power  P^  =  1  MW.  Time 
separation  is  one-quarter  RF-cycles. 
In  this  presentation  the  bunching 
effect  can  be  studied. 


Figure  2.  Beam  Profile  YK1303 

Fig.  3  is  a  result  of  7  calculations 
at  varying  input  power.  The  gap  vol¬ 
tages  of  4th  and  5th  cavity  show 
good  linearity,  while  output  power 
is  saturated  at  a  drive  power  of 
70W.  The  measured  data  of  P^,  show 


good  agreement  with  the  simulation. 


Figure  3.  Power  Simulation  YK1303 

The  influence  of  harmonic  cavity 
tuning  on  output  power  is  shown  in 
Fig.  4,  Also  in  this  case  the  simu¬ 
lated  data  show  good  agreement  with 
measured  data. 


Figure  4 .  Detuning  harmonic  cavity 

CPU-time  for  executing  CAVITY  and 
BEAM  MODE-2  routines  takes  about  2h 
on  APOLLO  4500  work  station. 
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Abstract 

We  have  performed  numerical  simulations  of  the 
X-100  klystron  being  developed  at  Stanford  Linear  Accel¬ 
erator  Center.  The  X-100  is  being  developed  as  a  possible 
source  for  the  next  generation  of  linear  collider,  and  will 
be  r^uired  to  produce  »:il00  MW  of  power  for  a  duration 
of  wSbO  ns.  Our  simulations  were  performed  using  the 
simulation  programs  RKTWID  and  RKTW2D,  developed 
at  Lawrence  Livermore  National  Laboratory.  The  codes 
were  used  to  investigate  the  operation  of  the  klystron  over 
a  wide  range  of  operating  conditions.  We  will  present 
comparisons  of  the  simulation  results  with  experimental 
results. 

I.  INTRODUCTION 

The  X-100  klystron,  under  development  at  the  Stan¬ 
ford  Linear  Accelerator  Center,  is  being  developed  as  a 
possible  power  source  for  the  next  generation  of  linear 
collider.*  The  X-100  is  a  440  keV,  510  amp  klystron  that 
operates  at  1 1.4  GHz.  It  will  be  required  to  produce  fn  100 
MW  of  power  for  a  duration  of  w800  ns;  binary  pulse 
compression  will  result  in  a  500  MW,  100  ns  rf  pulse.  So 
far,  the  klystron  has  produced  72  MW  of  power. 

We  have  performed  ID  and  2D  simulations  of 
the  X-100  with  the  simulation  programs  RKTWID  and 
RKTW2D.  Our  simulations,  based  on  a  simplified  model 
of  the  output  cavity,  predict  that  the  klystron  will  produce 
72  MW  of  power  at  440  keV  and  450  amps.  Below  wc 
discuss  the  structure  of  the  klystron  codes  and  the  details 
of  our  simulations. 

n.  KLYSTRON  SIMULATION  PROGRAMS 

RKTWID  and  RKTW2D  are  computer  programs  that 
simulate  the  operation  of  relativistic  klystrons.  Both  codes 
are  time-dependent,  and  both  assume  that  the  fields  in 
tlie  problem  are  cylindrically  symmetric.  RKTWID  is  a 
fast  running,  1-dimensional  code,  while  RKTW2D  is  a 
slower  2-dimensiorxal  code  that  more  accurately  models 
the  physical  system  under  consideration.  The  codes  follow 
a  train  of  RF  bunches,  one  at  a  time,  through  a  klystron. 
Tlie  codes  have  the  following  features: 

1.  .self-consistent  beam-cavity  interaction 

2.  sell-consistent  space  charge 

’  Work  supported  by  the  US  Department  of  Energy  contracts  W- 
7405-EN'.>  48  (LLNL)  and  DE-AC03-76SF00515  (SLAC) 
U.S.  Government  work  not  protected  by  U.S.  Copyright 


3.  time-dependent  cavity  excitation  modelled  using  cir¬ 
cuit  equations 

4.  treatment  of  standing  wave  (SW)  cavities  and  travel¬ 
ing  wave  (TW)  sttuctures 

Prior  to  executing  the  klystron  codes,  one  must  run 
SUPERFISH  to  calculate  the  eigenmodes  of  the  cavities  in 
the  problem.^  (It  is  assumed  that  a  single  mode  is  dominant 
in  each  of  the  cavities.)  Furthermore,  one  must  run  a 
preprocessor  to  interpolate  the  SUPERFISH  data  onto  a 
unitbrm  rectangular  mesh  that  can  be  used  by  the  klystron 
codes.  If  there  are  TW  structures  in  the  problem,  the  TW 
fields  are  calculated  by  appropriate  superposition  of  the 
standing  wave  SUPERFISH  results. 

The  klystron  codes  have  the  ability  to  read  in  a 
particle  distribution  generated  by  the  electron  gun  code 
EGUN.^  The  codes  can  also  read  in  magnetic  field  data 
produced  by  the  magnet  design  code  POISSON.^ 

The  basic  equations  used  by  the  klystron  codes  are 
the  single  particle  equations  of  motion  and  the  circuit 
equations  governing  cavity  excitation.  The  single  parti¬ 
cle  equations  of  motion  are  the  Lorentz  force  equations 
using  the  longitudinal  cocHrdinate,  r,  as  the  independent 
variable: 
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where  i>  =  wf. 

(Transverse  motion  is  neglected 

1-d  code.'*  .am  induced  cavity  excitation  is  based  on  a 
circuit  equation  for  SW  cavities  or  based  on  coupled  cir¬ 
cuit  equations  for  TW  structures.  Consider  the  analysis  of 
a  TW  structure.  Assuming  a  single  cavity  mode  is  dom¬ 
inant,  let  the  electric  field  in  the  n*  cell  of  the  structure 
be  given  by 

4(F,0  =  /n^>'Oe-’“',  (2) 

where  denotes  an  eigenmode  with  eigcnfrequency  w„. 
Also,  let  u;  denote  the  drive  frequency  of  the  klystron. 


ilien  it  is  possible  to  show  that  the  excitations  /„  are 
governed  by  the  following  coupled  equations 

-(/fr'/rv-l  +  /frVrvfl)  =  ^ / •  Ju 

where  Qn  denotes  the  quality  factor  of  the  n*  cell,  !Q~^ 
and  denote  coupling  of  the  cell  n  to  cell  n  - 1  and 
cell  n  +  1.  respectively,  and  Ji  denotes  the  RF  current 
associated  with  the  beam.  (For  a  SW  cavity,  the  above  set 
of  couple  equations  is  replaced  by  a  single  equation  with 
n=l  and  with  the  coupling  constants  set  equal  to  zero.) 

m.  SIMULATION  RESULTS 

The  X'lOO  klystron  consists  of  an  input  cavity,  three 
gain  cavities,  and  an  output  cavity.  The  klystron  operates 
at  440  keV,  510  amp  and  at  a  frequency  of  1 1.4  GHz.  The 
experimental  results  that  we  will  discuss  are  based  on  a 
double  gap,  standing  wave  output  cavity.  The  double  gap 
cavity  extubits  lower  peak  fields  than  a  conventional  single 
gt^  cavity.  However,  the  double  gap  cavity  does  not  have 
cylindrical  symmetry,  so  it  cannot  be  modeled  realistically 
with  our  klystron  codes.  Instead,  our  simulation  results  are 
based  on  a  single  gap  output  cavity.  TVvo  other  important 
features  of  our  simulation  are  the  following:  (1)  The 
beam  distribution  used  by  RKTW2D  was  produced  by 
the  electron  gun  program  EGUN;  (2)  the  magnetic  field 
profile  used  by  RKTW2D  was  produced  using  POISSON. 

Our  main  results  are  summarized  in  Figure  1.  Figure 
1  shows  the  klystron  ouq>ut  power  as  a  function  of  beam 
energy  (using  a  fixed  magnetic  field  profile).  The  crosses 
denote  experimental  results;  the  dashed  line  denoted  Id 
simulation  results  and  the  solid  line  denotes  2d  results. 
At  low  power,  RKTWID  and  RKTW2D  give  nearly  iden¬ 
tical  results,  and  both  are  comparable  with  experimental 
values.  At  high  power,  both  codes  predict  power  levels 
that  are  greater  than  or  equal  to  the  experimental  results, 
with  die  2d  code  showing  better  agreement  than  the  Id 
code.  The  main  difference  between  the  2d  results  and  the 
experimental  results  is  diat  the  2d  results  show  a  peak  in 
output  power  near  433  kV;  however,  as  we  will  show  be¬ 
low,  this  is  do  to  current  loss  in  the  440  kV  calculation 
and  not  do  to  saturation  of  the  klystron. 

The  time-dependent  nature  of  our  simulations  is 
shown  in  Figure  2.  This  figure  shows  the  power  output  as 
as  a  functions  of  time  for  the  440  kV  case  with  a  75  W 
drive.  The  klystron  reaches  steady  state  in  less  than  20  ns. 

Figure  3  shows  the  RF  current  as  a  function  of  z  at 
440  kV  for  three  drive  powers,  35  W,  50  W  and  75  W. 
The  peak  rf  current  with  i  75  W  drive  is  555  amp.  A 
similar  plot  for  the  433  kV  case  shows  that  the  peak  if 
current  is  615  amp. 

Figure  4  shows  the  DC  current  as  a  function  of  z  at 
433  kV  and  440  kV.  In  both  cases,  the  EGUN  input  file 


has  an  initial  current  of  500  amp.  RKTW2D  predicts  that 
50  amps  of  current  is  spilled  at  the  klystron  entrance  in 
the  440  kV  case,  but  only  10  amp  is  spilled  in  the  433 
kV  case.  This  accounts  for  why  Ae  code  predicts  more 
power  at  433  kV.  The  initial  beam  radius  is  slightly  larger 
in  the  440  kV  case.  Figure  5  shows  the  edge  radius  and 
the  rms  radius  of  the  beam  for  the  two  cases.  The  radius 
of  the  beam  pipe  is  4.7  mm. 
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Figure  1  Output  power  as  a  function  of 
beam  energy;  simulation  and  experiment 
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Figure  2  Output  power  as  a  function  of  time  (Eb440  kV) 
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II (amp) 


Figure  3  RF  current  as  a  function  of  z  (JEMAO  kV) 


Figure  4  DC  current  as  a  function  of  z 


Figure  S  Edge  radius  and  rms  radius  as  a  function  of  z 

IV.  Summary 

We  have  performed  numerical  simulations  of  the  X- 
100  klystron  using  RKTWID  and  RKTW2D.  The  sim¬ 
ulation  results  are  in  good  agreement  with  experimental 
results.  The  simulation  results  are  sensitive  to  the  ini¬ 
tial  beam  distribution,  since  the  initial  beam  appears  to 
have  a  radius  approximately  equal  to  the  pipe  radius.  In 
the  future  we  plan  to  do  simulations  of  the  X-100  with  a 
traveling  wave  output  structure. 
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Abstract 

A  cyclotron  autotesonant  maser  (CARM)  experiment 
has  been  designed  and  built  for  operation  at  250  GHz,  in  con- 
junctiph  with  the  LLNL  ARC  induction  linac.  Beam  parame¬ 
ters  are  2  MeV,  1  kA,  30  ns.  The  RF  structures  tested  consist 
of  7  mm  diam,  9-18  cm  long  Bragg  sections.  These  sections 
are  electroformed,  with  50-90  iim  deep,  sinusoidal  ripples 
spa^  at  half  wavelength  intervals.  A  shallow  ripple  depth  is 
essential  in  separating  the  desired,  TEn  resonance  from 
neighboring  resonances  that  are  excited  by  mode  conversion. 
We  pre»nt  code  results  and  validating  cold  test  data  that  illus¬ 
trate  the  sensitivity  of  mode  separation  to  ripple  depth.  We 
alro  present  design  calculations  and  calibration  data  at  2S0 
GHz  for  a  2  m  long,  microwave  diffraction  tank. 

I.  INTRODUCTION 

The  LLNL  CARM  experiment  was  intended  to 
demonstrate  the  generation  of  high-power  millimeter  waves 
near  250  GHz,  using  the  2  MeV,  1  kA,  30  ns  beam  at  the 
ARC  facility  as  an  energy  source.  The  choice  of  frequency  was 
dictated  by  the  potential  application  as  a  high-power  source  for 
current  drive  and  disruption  control  in  Alcator-C,  an  ongoing 
tokamak  experiment.  The  use  of  Bragg  reflectors  in  a  wave¬ 
guide  environment  is  well  understood*^  although  their  applica¬ 
tion  at  250  GHz  is  new,  and  poses  some  challenging  fabrica¬ 
tion  problems.  The  Bragg  reflectors  can  be  used  either  as  stand¬ 
alone  resonators  or  as  reflective  terminations  bracketing  a 
smooth-walled  resonator  section.  We  used  the  first  configura¬ 
tion  for  the  CARM  experiment,  in  an  oscillator-amplifier  con¬ 
figuration.^  The  microwave  power  generated  was  allowed  to 
radiate  into  a  diffraction  tank;  the  design  of  this  tank  is  dis¬ 
cussed  in  the  latter  part  of  this  note. 

n.  Bragg  section  design  and  performance 

A  cylindrical  waveguide  can  be  made  into  a  Bragg  sec¬ 
tion  by  corrugating  sections  of  wall  with  sinusoidal  ripples 
that  are  spaced  one-half  wavelength  apart  Minute  reflections 
from  each  ripple  add  up  in  phase  so  that  by  using  a  large 
enough  number  of  ripples,  an  arbitrary  amount  of  reflection  of 
(he  microwave  signal  may  be  achieved,  essentially  without  af¬ 
fecting  the  waveguide  cross  section  available  for,  e.g.,  electron 
beam  passage.  Increasing  the  ripple  depth  results  in  greater  re¬ 
flectivity,  but  also  enhances  mode  conversion  and  hence  must 
be  done  with  caution.  For  the  CARM  experiments,  the  beam 
pipe  diameter  was  chosen  at  7  mm  to  allow  propagation  in  the 
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TEii  mode  at  ten  times  the  waveguide  cutoff,  or  250  GHz. 
We  designed,  built,  and  fully  characterized  Bragg  reflectors 
with  150  and  300  sinusoidal,  25  pm  amplitude  ripples.  We 
also  built  a  300-rippIe  Bragg  section  with  45  pm  amplitude 
corrugations,  which  was  used  as  a  standalone  resonator  in  the 
oscillator-amplifier  configuration.  This  section  was  not  cold 
tested  because  we  had  damaged  the  necessary  diagnostic  equip¬ 
ment  during  earlier  beam  tests.  The  ripple  period  for  all  sec¬ 
tions  was  0.6  mm. 

The  Bragg  sections  were  manufactured  at  LLNL.  The 
sinusoidal  ripple  contour  was  machined  into  an  aluminum 
plating  mandrel  to  a  nominal  precision  of  100  microinches, 
using  a  diamond  tool  leaving  a  16-microinch  surface  finish. 
This  mandrel  was  then  copper  plated  and  etched  away  to  leave 
the  sinusoidal  contour.  The  Bragg  section  was  then  machined 
to  the  correct  length  and  the  waveguide  flanges  were  attached. 
For  the  45-pm  ripple  section,  the  copper  plating  was  made 
sufficiently  massive  to  allow  direct  machining  of  the  flanges, 
thus  avoiding  the  thermal  stresses  and  possible  distortion  due 
to  soldering. 

Analytical  expressions  for  the  single-mode  reflection 
coefficients  of  a  Bragg  section  are  available.^  While  these  are 
quite  useful  for  yielding  desi^  approximations  quickly,  they 
tend  to  be  in  error  when  there  is  significant  Bragg  reflection  in 
more  than  one  mode.  A  more  accurate  model  can  be  had  with  a 
coupled-mode  theory  and  simulation  code  developed  by  M. 
Capian,  which  self-consistently  considers  both  forward  and  re¬ 
flected  wave  components  of  two  or  more  coupled  waveguide 
modes  in  the  presence  of  wall  discontinuities.  It  uims  out  that 
in  order  to  achieve  good  separation  in  frequency  between  the 
desired,  pure  TEn  reflection  region  and  the  adjacent,  undesir¬ 
able  TMn  region,  it  is  necessary  to  use  a  large  number  of 
shallow  ripples.  This  is  illustrated  in  Fig.  1,  which  plots  the 
theoretical,  reflected  power  vs.  frequency  for  a  Bragg  section 
with  varying  ripple  number  and  depth.  Figure  2  shows  our 
cold  test  setup.  In  order  to  avoid  trapp^  modes,  we  coupled  the 
open  Bragg  section  quasioptically  to  the  detector  horn,  which 
was  placed  well  into  the  far-field  region.  The  Bragg  section 
partly  reflects  the  incident  TEu  power  and  partly  converts  it 
into  the  TMn  niode;  however,  the  latter  has  a  null  on  axis 
and  is  not  det^ied  by  the  receiver,  so  that  the  converted  power 
simply  registers  as  more  insertion  loss.  Figure  3  shows  the 
measured  insertion  loss  obtained  with  a  300  ripple,  25  pm 
section;  the  agreement  with  the  theory  is  seen  to  be  quite 
good.  This  result  was  replicated  accurately  with  two  separate, 
identical  Bragg  sections,  which  attests  to  the  accuracy  of  the 
machining.  Figure  4  shows  similar  data  taken  for  a  shoner 
section  (150  ripples):  there  is  an  amplitude  disagreement  on 
the  order  of  10  dB  with  the  theory  which  is  not  understood. 
We  also  tested  the  insertion  loss  of  a  smooth-pipe  section 
terminated  by  a  short  Bragg  section  at  each  end,  and  obtained 
reasonable  agreement  with  the  three  resonant  peaks  predicted 
from  the  theory. 
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Fi|.  1.  Two>mode  cakulaiion  of  TE  and  TM  mode  reflected  power,  for  different  ripple  parameters  in  a  7-mm>diam  Bragg  section.  Good 
m^  separation  requires  many  ripples  of  small  amplitude. 


63  GHZ 


IMPATT 

SOURCE 


Fig.  2.  Apparatus  used  for  insertion  loss  measurement  on  Bragg  sections.  A  substitution  method  was  used,  with  a  smooth  pipe  section 
as  reference.  Trqiped  modes  were  avoided  by  leaving  the  Bragg  section  open-ended. 


Frequency 

{^g,3.  Calculated  and  measured  insertion  loss  vs.  frequency  for  a  Fig.^.  Calculated  and  measured  insertion  loss  vs.  frequency  for  a 
300  ripple,  25  pm  amplitude,  7-mm-diam  Bragg  section.  150  ripple,  25  pm  amplitude,  7-mm-diam  Bragg  section. 
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m.  DIFFRACTION  TANK  DESIGN  AND 
PERFORMANCE 


A  sketch  of  the  CARM  diffraction  tank  is  shown  in 
Fig.  5.  Microwave  energy  is  generated  in  the  CARM  device 
collinear  with  the  electron  beam;  the  latter  is  deflected  into  the 
beam  dump  wall  by  means  of  900  Gauss  permanent  magnet. 
The  microwave  bemn  is  radiated  from  a  28-mm-diam  aperture 
at  the  upstream  end  of  the  beam  dump.  The  l/e^  contour  of  the 
quasioptical  beam  at  250  GHz  will  clear  the  end  of  the  beam- 
dump;  the  Ka  band  signal  propagates  as  in  overmoded  wave¬ 
guide.  Higher  modes  may  exist  and  must  be  taken  into  account 
in  interpreting  the  data.  The  2S0  GHz  diagnostic  consists  of 
two  WR4  waveguide  stubs,  with  or  without  gain  horns,  at  the 
back  flange.  A  vacuum  seal  is  achieved  by  means  of  a  thin 
mica  washer  and  0-ring  arrangement,  clamped  between  the 
WR4  flanges.  Both  stubs  are  rotatable  to  allow  a  polarization 
check.  Additional  attenuation  is  introduced  by  a  collimating 
aperture  that  slides  into  the  tank  from  one  end.  Ka  band  power 
is  monitored  by  a  WR28  waveguide  stub  that  is  positioned  at 
the  -10  dB  point  of  the  main  TEi  i  lobe  at  25  GHz.  An  addi¬ 
tional,  uncalibrated  monitoring  port  is  drilled  directly  into  the 
beam  dump  wall,  and  is  connected  to  a  standard  WR28  wave¬ 
guide,  vacuum  window. 

Prior  to  fabrication  of  the  actual  diffraction  tank,  we 
simulated  the  configuration  on  an  optical  bench,  using  the 
same  transmitter-receiver  combination  shown  in  Fig.  2.  Using 
a  simple,  free-space  transmission  model,  with  standard  expres¬ 
sions  for  antenna  gain,  we  were  able  to  predict  the  measured, 
250  GHz  transmission  loss  within  2-5  dB,  even  for  the  case 
where  the  collimating  aperture  was  inserted  (Figs.  6,7).  On 
the  actual  tank,  the  overall  attenuation  was  measut^  by  direct 
substitution,  yielding  32-38  dB  at  Ka  band  and  30-36  dB  at 
246-254  GHz,  depending  on  the  collimator  aperture. 
Agreement  with  the  theory  was  very  poor  for  the  off-axis  at¬ 
tenuation  at  Ka  band,  and  within  10  dB  at  250  GHz.  The 
greater,  measured  values  at  250  GHz  agree  more  closely  with 
the  calculated  attenuation  for  the  TE12  mode,  and  this  may 
indicate  substantial  mode  conversion,  e.g.,  at  the  wall  discon¬ 
tinuity  near  the  beginning  of  the  beam  dump. 

rV.  CONCLUSION 

Insertion  loss  measurements  at  250  GHz  on  two,  300 
ripple,  25  pm  amplitude,  7  mm  diam,  Bragg  sections  gave  ex¬ 
cellent  agreement  with  the  theory.  Similar  measurements  with 
sections  of  half  that  length  gave  good  agreement  in  terms  of 
the  frequency  range  but  yielded  an  insertion  loss  that  was 
some  10  dB  greater  than  the  model  predicted.  We  believe  this 
may  be  due  to  poorer  mode  separation  and  stronger  mode  cou¬ 
pling  for  the  shorter  section.  Attenuation  measurements  at  250 
GHz  made  on  an  optical-bench  replica  of  the  CARM  diffrac¬ 
tion  tank  gave  agreement  with  modeling  predictions  within  2-5 
dB.  Measured  loss  on  the  actual  tank  was  10  dB  greater  than 
predicted,  probably  due  to  mode  conversion  at  the  beam  dump 
discontinuity. 


— xuMiune 

AMtttUIMi 

Fig.6.  Calculated  and  measured  attenuation  vs.  range,  for  simulated 
diffraction  tank  geometry,  without  collimating  ^rerture. 


Fig.7.  Calculated  and  measured  attenuation  vs.  range  from  colli¬ 
mating  aperture  to  receiver,  simulated  diffraction  tsrJc  geometry. 
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Abstract 

We  have  completed  the  initial  phase  of  a  2S0  GHz 
CARM  experiment,  driven  by  the  2  MeV,  1  kA,  30  ns 
induction  linac  at  the  LLNL  ARC  facility.  A  non-BriUouin, 
solid,  electron  beam  is  generated  from  a  flux«threaded, 
thermionic  cathode.  As  the  beam  traverses  a  10  kG  plateau 
produced  by  a  superconducting  magnet,  ten  pocent  of  the  beam 
enwgy  is  convened  into  rotational  energy  in  a  bifilar  helix 
wiggler  that  produces  a  spiraling,  SO  G,  transverse  magnetic 
Held.  The  b^  is  then  compre^  to  a  S  mm  diameter  as  it 
drifts  into  a  30  kO  plateau.  For  the  present  experiment,  the 
CARM  interaction  region  consisted  of  a  single  Bra^  section 
resonator,  followed  by  a  smooth-bore  amplifier  section.  Using 
high-pass  filters,  we  have  observed  broadband  output  signals 
estimated  to  be  at  the  several  megawatt  level  in  the  range  140 
to  over  230  GHz.  This  is  consistent  with  operation  as  a 
superradiant  amplifier.  Simultaneously,  we  also  observed 
bi^  pow«  levels  near  3  MW. 

I.  INTRODUCTION 

The  LLNL  CARM  project  has  been  aimed  at 
developing  a  high-power  source  for  current  drive  and  disruption 
control  in  Alcator-C,  an  ongoing  tokamak  experiment,  and  it 
is  this  potential  application  that  dictated  the  choice  of 
frequency.  High-power  radar  applications  also  are  of  interest, 
although  these  would  generally  be  at  lower  frequencies.  As 
high-power  drive  sources  are  difficult  to  find  at  250  GHz,  the 
experiment  was  configured  as  a  self-contained 
oscillator/amplifier  combination.  Ibe  experiment  was  fielded 
at  the  ARC  induction  linac  facility  at  LLNL,^  using  a 
superconducting  magnet  that  was  provided  by  UCLA. 

n.  Apparatus 

The  overall  CARM  experimental  configuration  is 
shown  in  Fig.  1.  A  1.1  kA,  1.2  MeV  electron  beam  is 
generated  from  a  hot  cathode.  Pierce  gun  injector,  and  is 
accelerated  further  through  10  induction  cells  to  a  final  beam 
energy  near  2  MeV.  Beam  transport  at  a  nominal.  1-2  cm 
diameter  is  achieved  through  a  series  of  solenoids  generating 
some  SOO  G  on  axis.  Magnetic  flux  through  the  cathode  is 
controlled  by  a  bucking  coil.  At  the  2  MeV  level,  the  beam  is 
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focussed  into  a  12-mm-diam  pipe  immersed  in  a  10  kG,  axial 
guide  field  provided  by  the  superconducting  magnet,  where  a 
30-50  G  transverse  field  generated  by  a  bifilar  wiggler  converts 
some  of  the  axial  into  transverse  momentum.  After  leaving 
the  wiggler,  the  electrons  undergo  further  momentum 
conversion  as  the  beam  drifts  into  the  25-30  kG,  high-ficld 
plateau  where  the  RF  interaction  takes  place  inside  a  7-mm- 
diam  pipe.  The  RF  circuit  here  consists  of  a  single,  18-cm- 
long  Bragg  section  followed  by  a  20  cm  long,  smooth-walled 
amplifier  section,  all  positioned  inside  the  40  cm  long,  high- 
field  plateau.  The  Bragg  section  supports  a  standing  wave,  and 
thus  can  act  as  a  self-contained  cavity  oscillator.  For  a 
nominal  Q  «  5000.  |h.e  calculated  start-oscillation  threshold  is 
200  A.  Calculated  cavity  fill  times  are  in  the  20-30  ns  range. 
The  entire  RF  section  is  contained  inside  an  aluminum 
strongback  that  functions  as  the  vacuum  envelope.  The 
configuration  shown  in  Fig.  1  has  a  pair  of  Bragg  sections 
bracketing  a  smooth-walled  resonator  section;  this  arrangement 
was  tried  initially  but  was  damaged  due  to  beam  strike  and 
overheating.  Table  I  summarizes  the  experimental  parameters 
for  the  single-Bragg  configuration. 

The  diffraction  tank  is  designed  as  a  calibrated,  high- 
power  attenuator.  The  microwave  beam  is  dissipated  in  the 
Eccosorb  AN-72  absorptive  lining.  For  the  initial  experiment, 
the  tank  was  calibrated  only  for  the  TEi|  mode  at  250  GHz 
(on-axis  port  pt^tioned  at  the  downstreiun  flange)  and  2540 
GHz  (waveguide  stub  located  off  axis).  An  auxiliary, 
uncalibrated,  broadband  port  is  attached  directly  to  the 
beamdump;  a  small,  immersible  turning  mirror  is  used  to 
deflect  energy  from  the  narrow,  250  GHz  beam  into  this 
diagnostic.  The  measured  attenuation  was  31.5  dB  for  the 
calibrated,  250  GHz  channel,  and  32-38  dB  for  Ka  band.  Losses 
in  the  overmoded  waveguide  runs  leading  from  the  diffraction 
tank  to  the  detectors  in  the  control  room  were  calibrated 
separately.  Further  details  concerning  the  diffraction  tank  are 
contained  in  a  companion  paper.^ 

m.  Results 

The  experiment  consisted  of  optimizing  the  electron 
beam  transmission  through  the  accelerator,  wiggler.  and  RF 
circuit  section,  and  then  maximizing  the  output  power  by 
adjusting  the  cathode  flux,  the  wiggler  current,  and  the  axial 
field  in  the  high-field  region.  The  electron  beam  current  was 
monitored  at  tlie  injector,  at  the  entrance  to  the  wiggler,  and  at 
the  entrance  to  the  beam  dump.  Typically,  we  were  able  to 
transmit  700  A  out  of  a  total  1100  A  emitted  from  the 
injector,  through  the  7-mm-diam  RF  section. 
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Microwave  power  wa< ;  asuied  in  the  control  room, 
using  separate  detectors  Tor  the  ^0  GHz  and  the  band 
chamiels,  respectively,  with  signals  carried  from  the  diffraction 
tank  through  two  separate  waveguide  runs.  The  2S-mm-diam 
aperture  placed  in  front  of  the  receiving  horn  discriminated 
against  modes  with  nulls  on  boresight,  i.e.,  modes  other  than 
1^1,0’  Waveguide  sections  were  used  as  high-pass  filters  to 
bound  the  signal  frequency.  During  initial  runs,  we  also 
carried  out  more  precise  frequency  measurements,  using  a 
heterodyne  system. 

Typically,  we  observed  simultaneous  signals  near 
beam  pipe  cutoff  (K^  band),  consistent  with  gyrotron-type 
operation,  and  above  140  GHz,  over  a  large  range  of  axial  B 
field  and  alpha.  The  broadband,  high-frequency  signals  were 
consistent  with  operation  as  a  superradiant  CARM  amplifier 
excited  by  noise.  Heterodyning  with  a  subhannonic  mixer  and 
a  60-90  GHz,  tunable  source  (BWO)  serving  as  the  local 
oscillator,  and  using  a  173  GHz  high-pass  filter,  we  detected 
high-frequency  signals  over  the  full  local-oscillator  range, 
suggesting  frequency  components  as  high  as  270  GHz, 
although  biasing  with  a  180  GHz  maximum  frequency  could 
not  be  ruled  out.  For  the  high-frequency  signal,  we  estimated  a 
peak  power  of  S3  MW,  using  a  Hughes  47328H-3111  diode 
detector  with  a  calibrated  sensitivity  valid  for  2S0  GHz. 
Because  of  the  rapid  falloff  of  detector  sensitivity  with 
frequency,  however,  and  assuming  the  actual  signal  frequency 
to  be  significantly  below  2S0  GHz,  this  power  estimate  may 
be  optimistic  by  an  order  of  magnitude.  The  power  level  at 
band  was  estimated  at  3.S  MW,  using  a  detector  calibration 
valid  for  26  GHz.  The  pulse  width  in  the  250  GHz  channel 
typically  had  a  spiky  appearance,  although  intermittently  we 
also  saw  pulsewidths  of  S-10  ns.  The  pulsewidth  at  band 
generaJy  corresponded  to  the  beam  pulsewidth,  about  30  ns. 

In  a  subsequent  run,  having  damaged  the  heterodyne 
system  earlier,  we  only  used  high-pass  filtering  corresponc^g 
to  cutoff  frequencies  of  140,  173,  and  230  GHz.  Sweeping 
through  the  magnetic  field  range  25-SS  kG,  and  velocity  ratio 
0.2  <  alpha  <  0.4,  we  observed  the  strongest  signals  above 
230  Glk  with  field  values  near  29  kG.  Unlike  the  lower 


frequency  signals,  we  were  unable  to  see  the  230  GHz  filtered 
sig^  through  the  on-axis  probe  on  the  diffraction  tank.  In 
order  to  observe  these  signals,  we  had  to  connect  the  2S0  GHz 
channel  to  the  uncalibrated,  broadband  port  at  the  side  of  the 
beam  dump,  with  the  small  turning  mirror  inserted.  The 
relative  signal  strengths  through  the  different  filters,  all  going 
into  an  identical  detector,  are  shown  in  Fig.  2.  The  230  GHz 
filtered  signal  amplitude  was  within  an  order  of  magnitude  of 
the  lower  frequency  amplitudes,  and  hence  should  have  been 
equally  detectable  with  the  on-axis  probe. We  believe  this 
sigp'  may  have  had  a  null  on  boresight.  With  the  magnetic 
fieL  at  29  kG  but  reducing  the  wiggler  field  to  achieve  alpha  ~ 
O.IS,  we  intermittently  observed  60-80  mV  amplitudes  on  the 
230  GHz  filtered  sign^.  This  is  an  order  of  magniuide  stronger 
than  the  other  observed  signals,  and  it  may  indicate  excitation 
of  a  Bragg  section  resonance,  though  not  necessarily  the  TE|j 
mode. 

IV.  Conclusion 

In  initial  beam  runs  on  a  2S0  GHz  CARM 
experiment  in  an  oscillator-amplifier  configuration,  we  have 
observed  upshifted  signals  over  a  wide  frequency  range,  from 
140  to  over  230  GHz.  We  conservatively  estimate  the  power 
levels  to  be  on  the  order  of  several  megawatts.  Simultaneously 
we  have  measured  3.S  MW  peak  power  at  band  frequencies, 
corresponding  to  conventional  gyrotion  operation.  Most  of  the 
observed  high-frequency  signals  are  consistent  with  operation 
as  a  superradiant  amplifier  starting  from  noise.  Anomalously 
strong  signals  observed  intermittently,  indicate  possible 
excitation  of  the  single  Bragg  section  resonator. 
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Table  1;  CARM  Experimental  Parameters 

Elwirontcam: 

Energy  1.7  - 1.9  McV 

Current  500-600  A 

Diameter  in  RF  section  (esL)  5  mm 

Pulse  width  in  RF  section  30  ns 


Rqtedtionrate 

Wiggler 

Configuration 

Pitch/diameter 

Drive 


IHz 

bifilar  helix, 
six  periods 

5.28  cm/5.2  cm 

15  V,  8  A. 
watenxxded 

50  G 

10  kG 

TCil 

250GHX/2SGHZ 

1.005 

18  cm/7  mm 
300 
45  lun 
5000 
0.3 

25-30  kG 

20  cm/7  mm 
25-30  kG 


Transverse  field  on  axis 
Axial  field  in  wiggler  region 
RF  oscillator  section: 

Mode 

Op.  firequency/cutoff  frequency 
Phase  velocity/c 
Bragg  section  length/diameter 
No.  of  sinusoidal  corrugations 
Corrugation  amplitude 
TheorelicalQ 

Iheoretical  alpha  (velocity  ratio)  0.3 
B  field  on  axis 
RF  amplifier  section: 

Smooth-pipe  length/diameter 
B  field  on  axis 


Fig.  2.  Signal  traces  detected  at  broadband  port,  using  different 
waveguide  highpass  filters,  and  a  Hughes  47328H-3111 
detector.  Time  S(^e  is  10  ns/div  throughout 

•  Top  trace,  140  GHz  cutoff  filter,  100  mV/div. 

•  Center  trace,  173  GHz  cutoff  filter,  50  mV/div. 

•  Bottom  trace,  230  GHz  cutoff  filtw,  10  mV/div. 
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Abstract 

A  120  MeV,  2856  MHz,  TW  linac,  with  a  microwave 
gun,  alpha  magnet,  and  chopper,  has  been  built  at  SSRL 
as  a  preinjector  for  and  along  with  a  3  GeV  booster  syn¬ 
chrotron  ring.  The  resulting  injector  will  be  available  on 
demand  to  fill  SPEAR,  which  is  a  storage  ring  now  dedi¬ 
cated  to  synchrotron  light  production.  The  linac  sections 
were  purchased  from  China,  the  XK-5  klystrons  were  ob¬ 
tained  surplus  from  SLAG,  the  modulators  are  a  varia¬ 
tion  on  those  at  SLAG  and  were  built  by  SSRL,  the  alpha 
magnet  and  chopper  were  designed  and  built  at  SSRL  and 
the  microwave  gun  was  designed  and  built  in  collaboration 
with  Varian  Associates.  The  RF  system  for  the  booster 
ring  is  similar  to  those  at  SPEAR  and  PEP  and  was  built 
by  SSRL.  Some  of  the  interesting  mechanical  and  electri¬ 
cal  details  are  discussed  and  the  operating  characteristics 
of  the  linac  and  ring  RF  system  are  highlighted. 

I.  Introduction 

The  Stanford  Positron  Electron  Accelerator  Ring 
^SPEAR)  started  out  in  the  early  1970s  as  an  electron 
positron  high  energy  physics  facility  with  two  colliding 
beam  interaction  regions.  In  1974  the  ip-J  particle  was 
discovered  independently  at  SLAG’s  SPEAR  and  BNL’s 
(Brookhaven  National  Laboratories)  AGS.  With  the  ad¬ 
vent  of  PEP  and  SLC/SLD  at  SLAG,  the  high  energy 
physics  effort  at  SPEAR  wound  down  and  since  1989  it  has 
been  used  solely  as  a  source  for  synchrotron  radiation  for 
SSRL  and  visiting  experimenters.  Initially,  it  was  thought 
that  SLG  could  continue  to  fill  SPEAR  on  some  reason¬ 
able  schedule,  but  that  has  not  been  possible  in  practice. 
So  a  little  over  three  years  ago  a  major  project  was  begun 
at  SSRL  to  build  a  dedicated  full  energy  injector.  [1]  The 
new  injector  consists  of:  1)  a  2  MeV  microwave  electron 
gun  2)  a  120  MeV,  9  m  long,  short  pulse,  2856  MHz  linac 
and  3)  a  3  GeV,  134  m  in  circumference,  358.54  MHz  syn¬ 
chrotron  booster  ring,  all  pulsing  at  a  10  Hz  rate.  The 
day  before  Thanksgiving  of  1990  a  2.34  GeV  beam  was  in¬ 
jected  and  stored  in  SPEAR,  marking  the  end  of  the  formal 
construction  and  commissioning  phases.  Remoting  of  con¬ 
trols,  improving  the  stability,  familiarizing  operators  with 
the  controls  and  quantifying  machine  characteristics  has 
been  the  thrust  of  recent  efforts.  In  the  following  sections 
a  description  is  given  of  the  injector’s  two  separate  and  dif¬ 
ferent  frequency  RF  systems,  Synchronization  of  the  two, 
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non-harmonic  (unfortunately)  systems  is  achieved  through 
the  linac’s  chopper.  [2]  Synchronization  of  injection  into 
SPEAR  is  discussed  elsewhere.  [3] 


Figure  1.  SSRL’s  Major  RF  Systems. 


II.  The  Linac 

The  linac,  as  shown  in  Fig.  1,  injects  at  a  10  Hz  rate, 
three,  120  MeV  bunches,  spaced  by  350  ps  and  of  ss  4  x  10* 
electrons  each,  into  the  injector  booster  ring  through  a  se¬ 
ries  of  bend  magnets,  a  pulsed  kicker  magnet  and  a  sep¬ 
tum  magnet.  A  2  MeV  microwave  gun  puts  out  less  than 
a  2/rs  long  string  of  several  thousand  bunches.  Since  each 
bunch  is  the  result  of  a  portion  of  a  sinesoidal  electric  field 
on  a  thermonic  cathode,  the  energy  spread  and  longitu¬ 
dinal  extent  of  each  bunch  is  considerable.  [4].  An  alpha 
magnet  with  an  internal  scraper  is  used  to  compress  the 
bunches  longitudinally  and  scrape  off  a  large  portion  of 
the  low  energy  tail.  Before  entering  the  linac  a  fast  rising 
pulse,  traveling  upstream  on  a  stripline  chopper,  sweeps 
the  multibunch  beam  by  a  slit.  The  result  is  that  only  ap¬ 
proximately  three  bunches  emerge  to  be  accelerated  by  the 
linac.  The  gun-to-linac  layout  is  shown  in  Fig.  2,  and  it  is 
described  in  detail  in  references  [2,  4,  5]  and  [G].  Figure  3 
shows  the  linac  RF  circuit  schematically  and  Fig.  4  sliows 
the  high  power  part  of  the  RF  circuit  isometrically. 

Three,  SLAC-type,  2  tt/S  mode,  traveling-wave  accel¬ 
erator  sections  (DIAVG  s)  were  purchased  from  IHEP  (In¬ 
stitute  of  High  Energy  Physics),  Beijing,  PRC.  The  DLWG 
tuning  was  checked  at  SLAG  as  part  of  an  acceptance  test 
and  found  to  be  very  good.  Furthermore,  a  high  powui 
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Figure  2.  Gun-to-Linao  Layout. 


waveguide  phase  shifter,  a  high  power  waveguide  atten¬ 
uator  and  high  power  kanthal-coated  stainless  steel  vac¬ 
uum  waveguide  loads  were  purchased  from  IHEP,  which  in 
turn  obtained  them  from  domestic  PRC  industries.  Ex¬ 
ternal  copper  cladding  and  soldered  on  water  lines  were 
added  by  SSRL  to  make  them  water  cooled  like  those  at 
SLAC.  A  24  hour,  200°C,  nitrogen  gas  flushing  followed  by 
a  72  hour,  200° C,  vacuum  bake  preceded  installation  on 
the  linac.  This  SLAC  baking  receipt  greatly  reduced  the 
water  vapor,  et  cetera,  absorbed  in  the  kanthal  and  thus 
considerably  lessened  the  time  required  for  RF  processing 
of  the  linac.  The  phase  shifter  and  attenuator  operate  well 


now  that  some  mechanical  drive  mechanism  problems  have 
been  attended  to. 

SLAC  fabricated  vacuum  rectangular  waveguide  net¬ 
works  connect  the  three  surplus  SLAC  XK-5  klystrons  to 
the  linac  and  the  microwave  gun.  The  klystrons  are  pow¬ 
ered  by  a  modified  SLAC  type  modulator,  which  is  fed  by 
a  480  VAC,  3^,  variable  voltage  transformer.  Following 
the  transformer  is  a  single,  25  kV  dc  (maximum)  power 
supply.  This  supply  then  feeds  in  parallel  three  separate 
modulators  (charging  chokes,  pulse  forming  networks  and 
thyratron  switches),  one  at  each  of  the  klystrons.  Each 
klystron  has  a  12:1  step-up  pulse  transformer  in  its  cath¬ 
ode  oil  tank.  The  pulse  transformer  delivers  upwards  to 
300  kV,  which  means  upwards  to  30  MW  plus  of  peak 
RF  power  from  each  klystron.  Individual  modulators  and 
klystrons  may  be  taken  off-line  by  means  of  disconnect  bars 
in  the  high  voltage  power  supply  distribution  box. 

The  RF  drive  circuit,  shown  in  Fig.  3,  starts  with  a 
2856  MHz,  5  mW  VCO  that  drives  a  1  kW  peak,  Mi- 
con/MPD,  RF  amplifier.  The  latter  contains  of  a  solid 
state,  1  W  cw  preamplifier  and  three  cascaded  Eimac 
8847A  planar  triodes  that  are  operated  class  C  for  6/is  at 
the  10  Hz  rate,  as  shown  in  Fig.  5a.  SLAC-built,  medium 
power  (<  2kW  peak),  solid-state,  variable  attenuators  [7] 
are  used  at  the  input  to  each  klystron.  Microwave  Appli¬ 
cations  Group’s,  analog,  rotary-field,  ferrite,  phase  shifters 
are  used  at  the  inputs  to  klystrons  1  and  3,  which  are 
driven  by  signals  derived  from  the  output  of  klystron  2, 
as  done  at  BNL’s  light  source.  A  motor  driven  attenua¬ 
tor  and  phase  shifter  are  installed  in  the  gun’s  high  power 
input  waveguide.  In  addition,  the  RF  power  level  out  of 
klystron  3  has  been  made  subject  to  the  beam  energy,  as 
monitored  by  a  beam  position  monitor  (BPM)  located  af¬ 
ter  the  first  bend  magnet  at  the  end  of  the  linac.  The 
BPM  signals  are  processed  and  fed  through  a  feedback 
loop  to  drive  attenuator  3;  thus,  beam  energy  fluctuations 
are  damped.  The  other  two  klystrons  are  normally  run  sat¬ 
urated.  When  any  klystron  sees  a  reflected  signal  greater 
than  3  MW  (a  VSWR  of  2:1  at  30  MW),  an  interlock  cir¬ 
cuit  switches  to  maximum  attenuation  to  drop  the  klystron 
output  power.  RF  processing  of  the  DLWG’s  and  loads  is 
accomplished  by  varying  the  appropriate  attenuators.  By 
using  proper  combinations  of  the  three  phase  shifters,  the 
gun  phase  can  be  adjusted  relative  to  the  whole  linac  and 
each  DLWG  can  be  phased  separately  relative  to  the  gun. 
Of  course,  field  changes  in  the  alpha  magnet  produce  phase 
drifts,  which  can  be  corrected  for,  too.  The  gun  resonant 
frequency  is  fine  tuned  by  changing  its  water  temperature. 
By  adjusting  the  gun  input  RF  power  and  the  gun  current, 
by  way  of  the  gun  filament  temperature,  beam  loading  can 
be  optimized  as  shown  in  Fig.  5e. 

The  circulator  shown  in  Fig.  3  and  4  is  not  a  vacuum 
item,  so  it  is  isolated  by  windows  from  the  otherwise  vac¬ 
uum  rectangular  waveguide.  It  is  pressurized  with  dry  ni¬ 
trogen  to  30  psig,  which  is  marginal  for  3  to  4  MW.  Sulphur 
hexafloride  was  not  used  because  of  possible,  irreversible, 
linac  section  damage  from  a  catastrophic  vacuum  failure 
during  operation.  It  is  not  clear  the  circulator  is  necessarj, 
so  its  removal  is  being  considered,  especially  if  and  when 
tests  of  the  gun  at  higher  RF  power  are  performed. 

The  linac  vacuum  sjstem  contains  one  8 1/s,  one  20 1/s 
and  nine  30  1/s  ion  pumps  and  four  ionization  gauges,  as 
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a)  Drivaanpllliar  RF  output. 

b)  Klyatton  RF  output. 

c)  Accalarator  section  RF  output. 

d)  Microwave  gun  retlected  RF  with  the  heater  oH 
(no  beam). 

e)  Microwave  gun  retlected  RF  wkh  beam. 

I)  Beam  envelope  out  ol  the  gun. 

g)  Beam  chopper  pulse. 

h)  Chopped  beam  micropulse  out  ol  the  llnac. 

] )  Ring  cw  RF  expanded  to  show  timing  lor  capture 
ot  the  llnac  beara 


Figure  5.  Linac  and  Booster  Ring  Pulse,  RF  and  Beam  Timing. 

shown  in  Fig.  3.  A  beamline  vacuum  valve  and  waveg¬ 
uide  window  allow  isolation  of  the  gun  vacuum  from  the 
linac  when  desired  and  a  beamline  valve  at  the  end  of  the 
linac  allows  isolation  of  the  linac.  The  ionization  gauges 
operate  interlocks  that  switch  off  the  RF  if  the  pressure 
goes  too  high.  The  linac  has  three  different  temperature 
water  circuits;  1)  25*  ±  5®C  low  conductivity  water  from 
the  SLAC  system  for  the  klystrons,  2)  45®  ±  0.1®C  water 
for  the  DLWG’s  and  3)  35®  to  55®C,  adjustable  but  sta¬ 
ble  to  ±  <  1®C,  water  for  the  microwave  gun,  depending 
upon  its  operating  parameters.  The  second  system  is  self 
contained  with  a  pump,  a  heater,  a  heat  exchanger  (the 
heat  is  rejected  to  the  SLAC  system)  and  a  mixing  valve. 
It  supplies  60  gpm  at  70  psig.  The  third  system  taps  off 
<  2  gpm  from  the  second  system  and  puts  it  through  a 
heater  and/or  a  heat  exchanger  to  get  the  desired  temper¬ 
ature  at  the  gun,  then  returns  it.  Separate  temperature 
sensors  for  the  DLWG’s  and  the  gun  work  through  two 
controllers  to  regulate  the  mixing  valve  and  a  heater,  re¬ 
spectively. 
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III.  Booster  Ring  RF 

As  shown  in  Fig.  1  and  6,  a  second  lower  frequency  RF 
system  is  part  of  the  injector  and  SPEAR.  The  booster  ring 
is  160  wavelengths  in  circumference  and  SPEAR  is  280,  so 
every  seventh  turn  around  the  booster  ring  is  synchronous 
with  the  same  bucket  in  SPEAR  on  every  fourth  turn. 
Three  bunches  from  the  linac  are  let  into  the  booster  at 
the  right  time,  as  seen  in  Fig.  5h  and  j,  by  synchronizing 
the  chopper  with  the  booster  RF.  The  booster  RF  cavity 
is  an  early  SPEAR  cavity  refurbished,  the  358.54  MHz, 
500  kW  cw  klystron  is  a  PEP  type  tube  tuned  for  the 
slightly  different  (alas!)  SPEAR  frequency  and  the  control 
system  is  a  carbon  (or  Xerox?)  copy  of  PEP’s  [8]  Since  the 
booster  ring  is  more  stable  if  the  RF  accelerating  fields  are 
not  so  strong  during  the  low  energy  part  of  the  ramping 
cycle,  the  reference  for  the  amplitude  feedback  circuit  is 
ramped  along  with  the  synchrotron,  as  shown  in  Fig.  6. 
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Figure  6.  Injector  Booster  Ring  RF  Circuit. 
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IV.  Operations 

The  microwave  gun,  alpha  magnet  and  chopper  came 
on-line  without  much  difficulty,  although  numerous  hours 
were  spent  studying  and  characterizing  the  preinjector. 
The  linac  high  power  RF  networks  RF  processed  in  less 
than  40  hours  initially  and  now  pump  down  in  less  tlian 
a  day,  if  let  up  to  nitrogen.  It  takes  several  days,  and 
a  hot  nitrogen  bake  of  the  RF  loads  may  be  required,  if 
the  linac  is  let  up  to  air.  The  modulators  had  a  few  high 
voltage  growing  pains,  but  they  have  settled  down  since. 
The  chopper  with  its  permanent  magnets  is  designed  to 
limit  excessive  beam  transmission  (potentially  1000  times 
the  design  value),  but  under  poor  set-up  conditions  for 
the  GTL  (Fig.  2)  or  unusual  failure  modes  for  the  chopper 
(eg.,  slow  rise  time)  the  linac  is  shut  off  by  average  cur¬ 
rent  monitoring  circuits.  In  general  the  RF  circuits  for  the 
injector  are  not  required  to  be  ultra  stable  or  critically  ad¬ 
justed.  So  the  broad  optimums  often  encountered  for  the 
GTL  settings  in  particular  have  not  been  a  fundamental 
limitation. 
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1.  Introduction 

Rrec-Elcctron  Lasers  (FELs)  [1]  are  coherent  sources  of  high- 
poi^r  electromagnetic  radiation.  In  the  microwave  part  of 
the  spectrum,  high  efficiencies  can  be  achieved  at  power  lev¬ 
els  in  the  multi-megawau  range.  FELs  can  be  operated  as 
amplifiers  or  as  phase-locked  oscillators,  which  makes  them 
suitable  candidates  for  the  next  generation  of  drivers  for  high- 
frequency  RF  acceleration  [2],  In  this  paper,  results  of  the 
design  and  operation  of  a  single-mode  28  GHz  Free-Electron 
Maser  (FEM)  oscillator  and  a  35  GHz  high-gain  FEM  ampli¬ 
fier  are  presented  and  discussed.  The  experiment  is  driven  by 
a  700  kV,  900  ft  HV  modulator,  and  operates  with  a  pulse 
length  of  1  ps  at  power  levels  in  the  1-3  MW  range.  Tb  obtain 
the  lOO-SOO  MW,  10  ns  pulses  required  for  RF  acceleration 
at  high  frequencies  (Ka-band),  frequency  chirping  and  subse¬ 
quent  pulse  compression  of  the  amplified  RF  signal  may  be 
used.  For  this  type  of  application,  phase  stability  is  critical, 
and  a  detailed  study  comparing  FEMs  and  Cyclotron  Autor<»- 
onance  Masers  (CARMs)  is  currently  underway  at  MIT  [3]. 

Higher  peak  powers  and  shorter  pulse  lengths  can  also  be  ob¬ 
tained  by  driving  the  electron  b^m  with  a  lower  impedance 
accelerator,  such  as  an  induction  linac. 

2.  Amplifier  Experiments 

The  overall  experimental  setup  is  shown  in  Fig.  3.  The  electron  Figure  1 :  FEM  Amplifier  Voltage  Ibning 

beam  used  in  both  experiments  is  produced  by  a  thermionic 

electron  gun  which  was  successfully  operated  up  to  580  kV  bandwidth  close  to  grazing  interaction  :  18  GHz  to  30  GHz. 

and  120  A,  with  a  measured  perveance  of  0.27pperv  in  excel-  amplifier  experiments,  the  input  power  will 

lent  agreement  with  the  design  value.  Beam  compression  to  a  ^  provided  by  a  40  kW,  35  GHz,  400  ns  magnetron  and  cou- 
radius  of  3  mm  was  achieved  with  minimal  scalloping,  in  good  the  system  via  an  SFe  pressurized  waveguide  and 

agreement  with  adiabatic  theory.  Tiie  design  value  for  the  ax-  ®  l‘"®3r  TEn  mode  launcher.  For  diagnosfic  purposes,  the 
ial  energy  spread  is  AY(|/Y||  <  0.2  %.  The  spread  inferred  coupled  out  at  the  end  of  the  interaction  region  by 

from  experimental  data  is  AY||/Y||  <  0.5  %.  The  beam  is  then  »  dual  50  dB  directional  coupler  with  outputs  at  W.  Feed- 
transported  through  the  interaction  region  by  a  2.35  kG  axial  supression  is  obtained  by  inserting  a  30  dB  attenuator 

guide  magnetic  field  generated  by  a  set  of  7  water-cooled  coils.  output  coupler.  Both  the  coupler  and  the  load  have 

A  permanent  magnet  helical  wiggler  with  30  mm  period  and  VSWRs<  1.05  at  35  GHz.  Computer  simulaUons  show  that 
500  G  amplitude  is  used  to  provide  the  perpendicular  momen-  ^  electron  beam  interacting  with  a  TEn  electromag- 
tum  of  the  interacting  electrons.  To  ensure  stable  high-quality  mode  with  an  input  power  of  5  kW  at  35  GHz,  the  FEM 
group  I  helical  orbits  in  the  mteraction  region,  the  wiggler  has  saturates  at  z,at  -  80  cm,  at  a  power  level  of  3  MW,  yielding 
a  10-period  long  linearly  tapered  introduction.  ^  untapered  efficiency  of  12  %.  For  an  axial  energy  spread  of 

The  very  low  energy  spread  and  high  currents  obtained  al-  ^7||/Yii  =  2  %  in  the  wiggler  interaction  region,  the  saturated 
low  operation  of  both  experiments  in  the  Raman  regime,  as  power  is  predicted  to  be  2  MW. 
confirmed  by  our  experimental  data.  At  low  gain  (<  5  dB), 

and  low  power  (~  100  mW),  voltage  tuning  was  obtained  be-  OSCILLATOR  RESULTS 

tween  18  GHz  and  40  GHz,  and  absorption  tuning  of  the  fast  The  28  GHz  FEM  oscillator  experiment  will  use  a  step-rippled 
0-7803-0135-8/91S01.(X)  ©IEEE 


space-charge  wave  was  observed  from  18  GHz  to  60  GHz. 
TTiese  results  are  in  excellent  agreement  with  what  theory  pre¬ 
dicts  for  the  coupling  of  the  TEn  waveguide  mode  to  the  slow 
space-charge  wave  through  the  Raman  free-clectron  laser  inter¬ 
action.  The  experimental  FEM  voltage  tuning  curve  is  shown 
in  Fig.  1.  In  addition,  we  achieved  very  wide  instantaneous 
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iBra^:  f^hator  cavity  optimized  with  power  reflectivities 
t  s  0.95’iKl  .R2  =  0125  and  an  effective  length  L*  =25  cm, 
f  ifbr  ri?n'0^ratioh.  The  system  was  initially  operated  as  an  os- 
ciiiatorWthdut.tiie  Bragg  cavity  and  was  found  to  operate  in  a 
.single  Mi^  mode  at  30  GHz,  with  a  line  width  A/  <  10  MHz, 
ai  power  levels  of  1-2  MW  and  efficiencies  above  10  %.  Mul- 
:  ^bde  operation  was  also  observed,  with  a  mode  spacing  of 

i  SS  MHz  corresponding  to  the  cavity  length.  In  these  experi- 
:  mehU,  the  oscillator  spectrum  is  measured  by  mixing  the  RF 

ou^ut  wiA  the  signal  of  a  local  oscillator  (LO),  The  resulting 
\  lowifrequency  beat  wave  (|©,  -  0)zo  |/2tc  <  1 .0  GHz)  is  then 
g^  for  100  ns  and  dispersed  through  a  Surface  Acoustic 
Waye  (SAW)  device.  The  delay  is  proportional  to  the  fre- 
.quehcy  Of  the  beat  wave;  the  dispersion  of  the  SAW  device  is 
106  MHz/ps.  For  the  data  shown  in  Fig.  2,  co^o  =  29,5  GHz, 


and  we  observe  a  single  line  at  30  GHz  with  a  linewidth 
A(i},/2n  <  10  MHz.  The  oscillator  can  be  then  be  phase- 
locked  to  a  local  oscillator,  yielding  the  required  phase  control 
of  the  RF.  However,  for  the  oscillator,  the  cavity  filling  time 
may  be  relatively  long,  and  the  saturated  power  levels  too  low 
to  achieve  the  parameters  required  for  RF  acceleration  with  the 
electron  beam  used  here.  Ihcrefore,  the  amplifier  approach, 
coupled  to  a  pulse  compression  scheme,  seems  more  suitable 
to  this  type  of  application. 


References 

[1]  C.W.  Roberson  and  P.  Strangle.  A  review  of  free-electron 
lasers.  Phys.  Fluids  B,  1(1  ;‘3-42, 1989. 

[2]  A.M.  Sessler.  Physics  Today,  41-.26, 1988. 

[3]  W.L.  Menninger,  B.G.  Danly,  C.  Chen,  K.D.  Pendergast, 
R  J.  Ternkin,  D.L.  Goodman,  and  D.L.  Birx.  Cyclotron  Au¬ 
toresonance  Maser  (CARM)  Amplifiers  for  RF  Accelerator 
Drivers.  IEEE  RAC  ’91,  San  Francisco,  1991. 


Figure  3:  Overall  Expcrimen'al  Setup 
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Alfstfact 

A  new  type  of  ferrite  tuner  has  been  tested  at  the  BNL. 
The  ferrite  tuner  uses  garnet  slabs  partially  hlling  a  stripline. 
One  of  the  important  features  of  the  tuner  is  nhat  the  ferrite  is 
perpendicularly  biased  for  operation  above  FMR,  thus 
reducing  the  magnetic  losses.  A  unique  design  was  adopted  to 
achieve  efficient  cooling.  The  principle  of  operation  of  the 
tiiner  as  well  as  our  preliminary  results  on  tuning  a  52  MHz 
cavity  are  reported.  Optimized  conditions  under  which  we 
demonstrated  linear  inability  of  80  KHz  are  described.  The 
tuner's  losses  and  its  effect  on  higher-order  modes  in  the 
cavity  are  discussed. 

I.  INTRODUCTION 

Tuning  of  RF  cavities  in  storage  rings  is  needed  to 
maintain  accelerating  gap  voltage  under  varying  beam  load 
conditions.  Conventionally,  this  has  been  done  using  motor* 
driven  capacitive  posts  or  inductive  loops.  Under  conditions  of 
Ast  injection,  the  need  exists  for  a  different  type  of  tuner  in 
which  the  mechanical  movements  of  the  tuning  elements  are 
eliminated.  In  this  paper  we  report  on  a  Fast  Ferrite  Tuner 
(FFT)  to  be  used  in  Ae  VUV  storage  ring  at  the  National 
Synchrotron  Light  Source. 

At  the  NSLS,  the  VUV-ring  is  an  electron  storage  ring 
dedicated  to  synchrotron  radiation  in  the  UV  range  and  is 
normally  operated  at  745  MeV.  A  single  52  MHz  accelerating 
cavity  is  u^  to  compensate  for  the  14.7  KW  of  synchr  otron 
radiation  per  ampere  of  stored  beam.  This  RF  cavity  requires 
detuning  range  of  50  KHz  to  maintain  the  correct  phase 
relation  between  the  cavity  voltage  and  the  beam  current. 
Currently,  a  combination  of  a  mechanically  driven  loop  tuner 
and  water  temperature  variation  is  used  to  provide  the  required 
detuning.  Our  objective  is  to  replace  these  techniques  by  the 
ferrite  tuner,  thus  eliminating  the  beam  instabilities  associated 
with  certain  positions  of  the  mechanical  tuner. 


♦Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy. 

'ANT  Nachrichtechnik,  GmbH,  W.  Germany. 


n.  PRINCIPAL  OF  OPERATION 
A.  Basic  Concept: 

A  loop-coupled  transmission  line  is  used  to  tune  the  52 
MHz  cavity.  The  transmission  line  is  partially  loaded  by 
ferrite.  By  changing  the  bias  field,  the  permeability  of  the 
ferrite  can  be  changed.  This  results  in  the  change  in  the 
circulating  current  in  the  coupling  loop,  which  in  turn  changes 
the  magnetic  field  in  the  region  around  the  loop.  Thus,  the 
ratio  of  the  magnetic  to  electric  stored  energy  in  the  cavity  is 
changed  with  the  accompanying  change  m  the  cavity’s 
resonant  frequency. 


tianga 


_ ^'gap 

ACCELSHATOR  CAVITY 


Fig.  1.  Configuration  for  the  ferrite  tuner  and  the  RF  cavity. 
B.  Material: 

Recently,  the  use  of  substituted  yttrium  iron  garnet  (YIG) 
has  been  suggested  [1,2].  The  choice  of  such  microwave 
ferrite  enjoys  the  important  advantage  of  custom  tailoring  the 
saturation  magnetization  to  the  specific  applicatioa  and  thus 
minimizing  the  bias  field  requirement.  The  permeability 
changes  as: 


where  4irM,  is  the  saturation  magnetization,  and  H  is  the  dc 
field  inside  t?-  ferrite. 
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•  ;TCe  garnet  is  biased  above  saturation  and  with  the  dc 
^^^etic  ?field  perpendicular  to  the  rf  magnetic  field.  The 
iferfite  is*  operated  above  the  gyromagnetic  resonance  in  the 
regioh  where  the  dissipative  part  of  the  permeability,  fi’  is 
lowf  thus  reducmg  the  magnetic  losses. 


2n/ 


where 


(4) 


C.  Circuit  Model: 


If  the  capacitance  is  fixed  ,  then  we  have 


The  ferrite  tuner  can  be  modeled  as  a  short-circuited 
trasniission  line  whose  effective  length  varies  as  a  function  of 
the  bias  current,  /(I)  as  shown  in  Fig.  2. 


Fig.  2.  Transmission  line  model  for  the  ferrite  tuner. 

From  the  tuner  equivalent  circuit  shown  in  Fig.  3  (a),  one 
can  deduce  the  coupled  impedence  reflected  into  the  cavity. 
This  is  shown  in  Fig.  3(b). 

z  (2) 

vz, 

Since  the  resistive  part  of  Z,  is  negligible,  then 
Z,  =  jwL,. 


(5) 

/ 

Maximum  change  in  the  cavity  frequency  will  be  between 
open  circuit  and  short  circuit  (L.„=  Lp  [1  -  ). 

Thus  the  maximum  amount  of  frequency  shift  is  limited  by  the 
degree  of  coupling,  K'.  Our  experimental  results  showed 
clearly  this  effect. 

m.  RESULTS  OF  PRELIMINARY  TUNER  TESTING 
A.  Tunability: 

We  have  optimized  the  coupling  between  the  tuner  and  the 
cavity  as  well  as  the  length  of  the  connecting  transmission  line 
to  obtain  the  required  tunability.  A  length  of  f  =  56.5"  gave 
a  linear  tuning  characteristics  as  shown  in  Fig.4.  The  cavity’s 
frequency  is  plotted  against  the  tuner  biasing  current,  I.  The 
maximum  fi-equency  shift  obtained  is  78  KHz,  which  exceeds 
the  design  goal  of  50  KHz.  The  voltage  standmg-wave  ratio 
(VSWR)  at  the  cavity’s  driving  port  varied  between  VSWR 
a  1.064  at  I  a  0  A  and  VSWR  a  1.414  at  I  a  130  A. 


Fig.  3.  Equivalent  circuits  for  the  tuner  and  coupling 
structure. 


Fig.  4.  Tuning  characteristics  of  the  FFT. 
B.  Variation  of  Tuner  Losses: 


If  we  define  K*  =  Kp,  K,p,  we  obtain 

^  -k%z, 

z,*z,  “  z,*z, 

The  resonance  frequencv  of  the  ca\  it>  is 


The  Q  of  the  tuner  system  was  measured  as  a  function  of 
the  bias  current.  The  results  of  the  measurement  are  shown  in 
(3)  Fig.  5.  It  can  be  seen  from  the  figure  that  Q  first  increases 
with  bias  current  up  to  30  amperes  and  then  decreases.  Since 
we  are  biasing  the  ferrite  above  FMR,  then,  as  we  increase 
the  bias  field;  becomes  smaller  resultmg  in  lower  magnetic 
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loss  in  the  ferrite  and  subsequently  higher  Q.  As  for  the  slight 
decrease  in  Q  for  higher  bias  currents,  we  have  considered 
different  effects.  One  possible  explaination  would  be  the  fact 
that  the  tuner  effecively  becomes  a  shorter  trasmission  line  as 
we  increase  the  bias.  Thus,  for  a  given  voltage  at  the  coupling 
loop,  the  electric  field  in  the  ferrite  increases.  This  results  in 
the  observed  increase  in  losses  as  manifested  by  the  monotonic 
decrease  in  Q. 


Fig.  5.  Variation  of  the  Q  of  the  tuner  system. 

C.  Effect  of  Tuner  on  the  Cavity's  Higher-Order  Modes: 

To  mvestigate  the  effect  of  the  tuner  on  the  excitation  of 
higher-order  modes  (HOM’s)  in  the  VUV-ring  cavity,  we  have 
analyzed  the  HOM’s  induced  by  the  tuner  in  a  replicate  study 
cavity.  Specifically,  we  probed  these  modes  that  resulted  in  a 
change  of  field  in  the  accelerating  gap.  Detailed  results  of 
these  gap  measurements  will  be  reported  in  a  separate 
publication.  Up  to  200  MHz  there  was  no  observed  change  in 
the  cavity’s  response  as  shown  by  comparing  Fig.  6  (a  and  b) 
to  Fig.  7  (a  and  b). 


(a)  (b) 


Fig.  7.  Cavity  response  with  the  tuner  coupled  to  the  cavity 
(I  =  130  A). 

At  higher  frequencies,  the  tuner  shifted  some  of  the 
cavity’s  HOM’s  and  introduced  additional  ones.  We  show  in 
Fig.  8  (a  and  b)  the  mode  at  272  MHz  as  an  example. 
Currently,  we  are  studying  different  approaches  to  suppress 
the  additional  HOM’s  that  are  due  to  the  ferrite  tuner.  This 
includes  the  use  of  a  terminated  waveguide  as  a  suppressor. 


(a)  (b) 


Fig.  8.  Shift  in  one  of  the  cavity’s  HOM’s  due  to  tuner: 
(a)  tuner  port  blocked,  (b)  I  =  130  A 


rv.  CONCLUSIONS 

From  our  preliminary  tests  on  the  new  ferrite  tuner,  it  is 
clear  that  we  were  able  to  achieve  the  design  goals  concerning 
the  tunability  required.  The  low  tuner  losses,  as  demonstrated 
by  the  measured  high  tuner’s  Q,  are  credited  to  the  normal 
bias  approach  which  we  use  and  biasing  the  ferrite  above 
FMR.  The  design  approach  adopted  also  has  the  advantage  of 
efficient  cooling  of  the  garnet  slabs  in  the  stripline 
configuration. 
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Abstract 

The  copper-plating  process  for  the  Ground  Test 
Accelerator  (GTA)  radio  frequency  quadrupole  ORFQ)  vanes 
required  a  full  development  program  and  tight  quality  control 
procedures.  The  copper  plating  development  program  utilized 
full-size  RFQ  major  and  minor  vane  mockups  to  develop 
plating  fixturing  and  to  establish  the  plating  parameters 
necessary  to  meet  the  GTA  RFQ  plating  specifications.  After 
several  modifications  to  the  fixturing  and  plating  processes, 
the  mockiip  vanes  were  copper  plated  to  GTA  specifications 
and  the  actual  GTA  RFQ  could  then  be  copper  plated.  This 
development  technique,  using  full-size  mockups  for 
establishing  reliable  and  accurate  plating  fixtures  and  proven 
plating  processes,  is  the  key  to  success  for  copper-plating  any 
specisU  piece  of  technical  and  expensive  hardware.  This  paper 
discusses  the  GTA  RFQ  copper-plating  critical  issues:  the 
plating-fixture  development;  the  copper-plating  processes; 
RFQ  plating  specifications  as  they  apply  to  thickness, 
uniformity,  and  adhesion;  and  4te  quf^..^  assurance  procedures. 

I,  INTRODUCTION 

The  Ground  Test  Accelerator  (GTA)  Radio  Frequency 
Quadrupole  (RFQ)  was  successfully  copper  plated  through  a 
joint  effort  of  the  Los  Alamos  National  Laboratory  (hereafter 
refered  to  as  the  University  of  California)  and  the  Industrial 
Plating  Company,  Seattle,  Washington. 

The  GTA  RFQ  is  a  50-mA  cryogenically  cooled  rf 
accelerator  with  an  exit-beam  energy  of  2.5  MeV.  The 
aluminum  core  tank  design,  of  eight  major  vane  /  minor  vane 
segments,  allows  for  simplified  assembly.  The  core  tank  is 


2.794  m  in  length.  There  are  two  longitudinal  sections  of 
approximately  1.397m  each  and  four  transverse  sections  (see 
Fig.  1).  The  RFQ  vanes  were  machined  by  the  Mechanical 
and  Electronics  Support  Division  (MEC),  at  the  University  of 
California  from  thick  2219  T851  aluminum  plate.  This 
material  was  chosen  for  its  high  sU'ength,  stability 
during  machining,  and  its  excellent  weldability  [1].  The  vane 
segments  are  bolted  together  transversely,  with  dowel  pins 
between  the  major  and  minor  vanes  to  ensure  precision 
section-to-section  alignment. 

The  GTA  RFQ  was  copper  plated  using  the  UDYLITE 
Bright  Acid  Copper  High  Speed  (UBAC-HS)  Bath  Process. 
This  paper  will  focus  on  the  GTA  RFQ  copper-plating 
requirements,  the  plating  development  program,  the  final 
plating  results,  and  quality  assurance. 

II.  GTA  RFQ  PLATING  CRITICAL  ISSUES 

A  critical  issue  that  required  special  consideration  was  the 
handling  of  the  RFQ  vanes,  because  of  their  delicacy  and 
extreme  complexity.  Specific  handling  and  shipping 
instructions  had  to  be  devised  to  ensure  that  the  vanes  would 
not  be  damaged  in  any  way.  For  a  representation  of  the  RFQ 
core  tank  assembly  before  plating  (see  Fig.  2). 

Other  critical  issues  included  determining  the  technical 
plating  specifications  and  the  finished  product  plating 
requirements;  and  establishing  quality  assurance  procedures  to 
meet  final  inspection  requirements. 

The  technical  plating  specifications  pertain  to  the 
thickness  and  uniformity  of  the  plating,  and  were  defined  on 
two  levels:  those  for  critical  and  those  for  noncritical  surfaces. 
The  thickness  and  uniformity  specification  for  the  critical 
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Figure  1.  GTA  RFQ  core  tank. 
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Figure  2.  RFQ  core  lank  assembly  before  plating. 


surfaces  was  0.001  in.  ±0.0003  in.,  and  that  for  noncriiical 
surfaces  was  0.001  in  ±0.0005  in.  Those  surfaces  not 
requiring  plating  were  masked. 

The  finished  product  plating  requiremenLs  were  stringent 
on  surface  finish  thickness  and  uniformity.  The  surface  finish 
uf  the  copper  plating  was  specified  to  be  no  worse  than  the 
substrate  finish  before  plating,  which  was  approximately  a  50 
p  in,  finish.  Small  nodules,  fines,  steps,  roughne.ss,  or  other 
defects  on  critical  vane  surfaces  potentially  arising  from  the 
plating  pr(x:cs,scs  were  .specified  unacceptable. 

Quality  Assurance  (QA)  procedures  were  established  and 
implemented  to  assure  compliance  with  the  specifications  and 
reijuircments  during  copper  electroplating  and  delivery  of  the 
components.  A  major  goal  of  this  QA  program  was  to 
generate  and  maintiim  a  pennanent  record  of  compliance. 

III.  GTA  RFQ  PLATI.NG 
1)  1-  V 1'  Lo  1*  .M  i: .N  r  PR  0  c  r  a  .m 

To  ensure  that  the  RFQ  copjwr  plating  specifications  and 
rcquirciueiits  could  be  met,  we  set  u])  a  plating  development 
program  to  qualily  a  li.Mure  and  a  prrrcess  lor  copper  plating 
the  RFQ  vanes.  Full-si/.e  mockups  of  both  the  major  and 
minor  canes  were  copi)er  plated  and  used  to  verify  compliance 
with  all  plating  spevilicalions.  The.se  mockup  vanes  were  also 
used  as  ilevelopmeni  nuxlels  to  verily  correct  anode  and  cathode 
configurations  and  placements  with  respect  lo  die  .specific  vane 
contours  and  porthole  locations  required  for  plating  (see  Fig. 
3).  Next,  a  plating  lixlure  was  developed  that  combined 
correct  placement  of  both  ancxle  and  caltuxle  arrangcnicriLs,  and 
served  as  a  handling  fixture  lo  for  Iransfering  llic  vanes  from 
one  bath  to  another. 

Finally,  we  devcloired  the  precise  bath  parameters  and 
characteristics:  plating  solution  mixtures,  bath  icmperaliircs, 
electroplating  power  sellings,  and  lime  in  baths. 

Ihe  UDYLFl’E  UBAC  2X  Acid  Copirer  Plating  Process 
IS  a  bright  acid  coirper  bath  lor  the  deposition  of  a  brilliant, 
ductile  copper  plate.  '1  he  oulslanding  acK  antages  of  the  deposit 
are  its  high  brightness,  excellent  leveling,  and  c.xceptional 
ductility.  'I his  deposit  has  practically  the  same  duclilily  as  a 
de|K)sil  Irom  a  pure  acid  copjX'r  solution  Iree  from  addition 


Figure  3.  RFQ  major  and  minor  vane  mockups. 


agents.  More  important,  the  UBAC  2X  Acid  Copper  Process 
has  the  ability  lo  produce  this  finely  leveled  and  ductile  plate 
continuously  in  heavy  production,  because  no  harmful 
breakdown  products  arc  formed  during  electrolysis,  The 
excellent  leveling  is  very  important,  because  the  specific  radio 
frequency  (rO  requirements  do  not  allow-  polishing  and/oi 
buffing  of  the  surface. 

Before  plating,  an  anode  was  placed  in  the  slug  tuner  port 
of  the  major  vanes  lo  ensure  that  the  port  hole  would  be 
uniformly  copper  plated.  The  current  density  sellings  reciuired 
to  plate  the  minor  vanes  were  approximately  22  Amp/in  at 
0.001  in./hr.,  and  for  the  major  vanes,  a|)proximalely 
44  Amp/m.  at  0.001  in./hr. 

The  mam  steps  in  the  copper  plating  sequence  ol  the 
vanes  were  as  follows  excluding  details  such  as  cleaning, 
rinsing,  and  plating  jireixiralion: 

1 .  The  vanes  were  cleaned  with  soap  and  mild  cleanser  to  gel 
rid  of  water  brake  on  the  surlace. 

2,  The  vanes  were  dipped  in  an  aclane  solution  lor 
preparation  and  activation  ol  aluminum  jxrres. 

//s 


3.  The  vanes  were  dipped  in  50%  nitric  acid  to  eliminate 
foreign  contaminants  on  the  aluminum  surface. 

4.  The  vanes  were  given  a  10-second  zincate  dip  to  increase 
surface  adhesion  properties. 

5.  The  vanes  were  dipped  in  50%  nitric  acid  for  removal  of 
excess  zincate. 

6.  Again,  the  vanes  were  dipped  in  zincate  for  approximately 
40  seconds. 

7.  The  vanes  were  dipped  into  an  electrolysis  nickel  bath 
until  a  thickness  of  approximately  0.0002  in  had  been 
deposited. 

8.  The  vanes  were  put  through  a  copper  strike  process,  again 
for  a  thickness  of  approximately  0.0002  in. 

9.  The  vanes  were  rinsed  with  pumice  to  remove  excess 
copper  strike. 

10.  Next,  the  vanes  were  dipped  in  10%  sulfuric  acid  to 
reactivate  the  copper. 

11.  Finally,  the  vanes  were  put  into  a  bright  acid  copper  '’ip 
of  approximately  20  minutes  for  minor  vanes,  a  ’ 
approximately  40  minutes  for  the  major  vanes. 

Only  after  acceptance  of  the  mockup  plating  to  the 
specified  requirements  were  the  actual  RFQ  vanes  copper 
plated.  The  actual  plating  took  place  immediately  after 
mockup  plating  acceptance,  to  ensure  correct  plating  bath 
parameters  and  characteristics. 

IV.  QUALITY  ASSURANCE  PROCEDURES 

The  thickness  and  uniformity  of  the  copper  plating  on  the 
vanes  was  measured  using  two  different  techniques.  Our  first 
measuring  technique  was  the  standard  one  for  coating 
thickness,  which  uses  the  BETA  backscattcr  principle.  This 
technique  can  be  used  to  measure  the  thickness  of  any  coating 
having  an  atomic  number  sufficiently  different  from  that  of  the 
substrate  material.  The  maximum  measurable  thickness  for  a 
given  coating  is  that  thickness  beyond  which  the  intensity  of 
the  backscattcrcd  radiation  is  no  longer  sensitive  to  small 
changes  in  thickness.  This  technique  can  also  be  used  to 
determine  the  mass  of  a  coating  per  unit  of  area.  When 
calibrated  under  specified  operating  conditions,  the  insu-ument 
measures  the  coating  thickness  to  within  an  accuracy  of 
10  percent  of  its  uue  thickness. 

The  other  measuring  technique  uses  the  DEA  coordinate 
measuring  machine  (CMM)  and  a  master  set  of  dowel  pins 
located  in  the  back  of  each  vane.  CMM  data  from  initial,  pre¬ 
plating  inspection  of  the  vanes  was  stored  and  later  compared 
witli  data  for  the  plated  vanes.  The  difference  between  the  two 
gives  an  accurate  representation  of  the  plating  thickness. 

The  surface  finish  was  inspected  using  a  portable  surface 
profilometer.  The  surface  finish  of  the  plated  vanes  was 
specified  to  be  no  worse  than  the  substrate  finish  before 
plating. 

Adhesion  of  the  copper  plate  to  the  vane  surface  was 
specified  as  a  metallurgies  bond  with  the  substrate  material. 
Tests  were  conducted  to  verify  compliance  with  this 
specification  using  die  mockups  and  component  adhesion  lest 
coupons.  An  "X"  1  in.  high  was  scribed  on  the  copper  plating 
on  the  upper  half  of  each  coupon,  penetrating  the  plating  to 
verify  that  the  substrate  material  was  clearly  visible.  At  the 
points  formed  by  the  intersecting  lines  of  the  "X",  several 
allenipls  were  made  to  separate  the  copper  plating  from  the 
substrate  material  by  prying  and  gouging  with  a  sharp  pointed 


instrument.  In  addition,  adhesion  was  checked  by  bend  tests. 
Any  separation  of  the  copper  plating  from  the  substrate 
material  during  either  type  of  test  would  have  been  cause  for 
rejection  of  the  plated  mockups. 

V.  CONCLUSIONS 


The  copper  plating  process  described  in  this  paper  was 
shown  to  be  workable  and  to  produce  accurate  results  (see 
Fig.  4). 


Figured,  RFQ  copper  plated. 


The  plating  was  well  within  the  tolerance  of  0.001  ± 
0.0003  in.  on  the  vane  lips,  and  0.001  ±  0.0005  in.  on 
noncriiical  surfaces.  The  uniformity  and  thickness  results  arc 
tabulated  in  Fig.  5. 


Minor  Vanes; 


T(VDl)  =  0.0009  in. 
T(VU1)  =  0.0010  in. 
T(VU3)  =  0.0011  in. 
T(VD3)  =  0.0010  in. 


T(VD4)  =  0.0010  in. 
T(VU4)  =  0.0010  in. 
T(VU2)  =  0.0013  in. 
T(VD2)  =  0.0012  in. 


s(VDl)  =  0.0003  in. 
s(VUl)  =  0.0002  in. 
s(VU3)  =  0.0001  in. 
s(VD3)  =  0.0002  in. 


s(VD4)  =  0.0002  in. 
.s(VU4)  =  0.0001  in. 
s(VU3)  =  0.0002  in. 
s(VD2)  =  0.0003  in. 


Major  Vanes: 


Figure  5.  RFQ  Plating  Results 
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IDLE  SUPERCONDUCTING  RF  CAVITIES  FOR  BUNCH  FOCUSING 
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I.  INTRODUCTION 

In  the  feasibility  study  for  a  B-Meson  Factory  using  the  CERN 
ISR  tunnel  and  the  LEP  injection  system  (BFI)  [1],  a  combi¬ 
nation  of  normal  conducting  (n.c.)  and  superconducting  (s.c.) 
RF  cavities  has  been  proposed  as  an  alternative  in  the  context 
of  upgrading  the  luminosity  towards  10®^  cm“*  s“'  [2,3).  In 
such  a  hybrid  n.c./s.c,  system,  both  systems  may  contribute 
to  the  compensation  of  the  beam  energy  losses  as  well  as  to 
the  longitudinal  focusing  of  the  bunches.  Another  possibility 
is  to  limit  the  role  of  the  s.c.  system  to  a  pure  focusing  task 
by  setting  its  synchronous  phase  to  zero  (no  acceleration).  In 
this  latter  scheme,  the  s.c.  cavities  might  be  operated  in  a  com¬ 
pletely  idle  mode  (i.e.,  no  external  RF  source).  The  RF  power 
required  for  the  compensation  of  the  beam  energy  losses  would 
be  entirely  provided  by  the  n.c.  system.  A  proper  detuning  of 
the  s.c.  cavities  should  permit  use  of  the  beam  induced  voltage 
as  the  focusing  voltage. 

The  steady  state  and  dynamic  behaviour  of  a  single  RF  sys¬ 
tem,  in  the  presence  of  beam  loading,  has  been  already  largely 
treated  [4,5, 6, 7).  Extending  the  analysis  to  the  more  general 
case  of  two  RF  systems  coupled  through  the  beam  was  the 
subject  of  a  previous  note  [8].  No  major  critical  issues,  as  com¬ 
pared  to  conventional  methods,  were  encountered  in  the  context 
of  the  BFI.  On  the  contrary,  the  partial  or  complete  separation 
of  functions,  powering  and  longitudinal  focusing,  characteristic 
of  this  system,  makes  it  particularly  flexible.  The  main  results 
of  this  study  and  examples  of  applications  are  presented.  The 
possibility  of  testing  the  bunch  shortening  provided  by  idle  s.c. 
cavities  in  an  existing  storage  ring  is  also  discussed. 

II.  STEADY  STATE  DESCRIPTION 

Only  the  beam-RF  system  interactions  at  the  fundamental  fre¬ 
quency  will  be  considered.  The  higher  order  modes  (HOM)  of 
the  RF  cavities  are  supposed  to  be  sufliciently  damped  and  are 
taken  into  account  only  as  extra  beam  energy  losses.  In  addi¬ 
tion,  we  will  assume  short  e~  (or  e+j  bunches  above  the  transi¬ 
tion  energy  and  Tb/T/  <  1  (Tb ;  time  between  bunch  passages, 
Tf  :  cavity  filling  time).  The  fundamental  interaction  between 
the  beam  and  an  RF  system  can  be  then  described  by  the  pha- 
sor  diagram  of  figure  1. 


V,  cavity  voltage  (phase  reference) 
Ji,  cavity  shunt  impedance 
yJ,  input  coupling  factor 
tb,  fundamental  beam  current 
(twice  the  average  value,  A) 

2tj,  generator  short  circuit  current* 
$9,  phase  of  the  generator  current 
synchronous  phase 
cavity  detuning  angle 
2QSf 


(l+/J)/r 

Q,  cavity  quality  factor 
/o,  revolution  frequency 


Sf  =  hfo  -  f, 


v(i*s)/n 


h,  RF  harmonic  number 
fr,  cavity  resonant  frequency 


Fig.  1  :  Phaser  representation  of  ihe  beam-cavity  interaction 


*  value  "seen”  by  the  beam  (i  e  ,  transformed  by  the  coupling  circuit) 
^index  1  and  2  used  for  the  n.c  and  s  c.  systei.n,  respectively 


An  equilibrium  or  steady  state  condition  is  defined  by 
AU/c  =  V  sin^s  , 

(T,  oc  {hV  cos#5)“*^^  ; 

AU  is  the  energy  loss  per  turn  and  ctj,  the  RMS  bunch  length. 
At  a  given  RF  frequency,  the  specification  of  AU  and  ff,  leads 
to  a  unique  solution  for  both  V  and  $5.  The  power  delivered 
to  the  beam  is  then  Pb  =  V  h  •stn^j  and  the  cavity  dissipation, 
Pd  =  V~/2R .  The  minimum  power  requirement,  Pg  =  Pb+Pd  , 
corresponds  to  the  matched  case  (no  reflection),  obtained  when 
the  reactive  current  is  compensated  by  the  proper  detuning,  5 / 
and  the  coupling  factor  set  such  P  =  1  +  PbjPd  ■ 

In  the  presence  of  two  different  RF  systems,  each  of  them  may 
be  described  as  before^  and  the  steady  state  definition  becomes 
Af//e  =  Vj  sin$si  -f  Vj  s«n$s2  , 

<T,  oc.  (hi  Vj  COS^Sl  +h2  Vl  COS$S2)“*^*  . 

For  fixed  RF  frequencies  (hi  <  hj),  a  specified  stationary  con¬ 
dition  can  now  be  obtained  from  different  combinations  of  both 
RF  system  parameters  (Vi,$si,  V2,$S2). 

In  the  particular  case  where  the  second  RF  system  is  idle,  the 
equivalent  phasor  diagram  is  reduced  to  that  of  figure  2. 


»J2  =  0 

/92  =  0 

$S2  =  ^'2  -  »r/2 
V2  =  2  /i2  Ib  COS'ii 


Fig.  2  :  Phasor  representation  for  idle  cavities 

The  beam-cavity  interaction  corresponds  to  a  power  lost  by  the 
beam,  equal  to  the  cavity  dissipation; 

Pbi  =  Vj  lb  s»»$52  =  —Pd2  =  —  I2R2  . 

With  s.c.  cavities  and  large  enough  h,  ^S7  0,  ^2  ~  ff/2 

(cos^'j  Zi  \lig^2)  and  the  induced  voltage  is  then 

Vj  =  (RIQ)2  h  fr7  /  ,  where  6/2  »  /rz/Qz  • 

A  steady  state  is  now  defined  by 
AU/e  =  Vj  sin^si  , 

(7,  oc  (hi  Vj  COS^Sl  +  hz  Vj)”*/* 
and  can  be  obtained  from  different  operating  points  within  the 
range  0  <  <  x/2.  Thus,  it,  is  adjustable,  without  other 

interference,  by  simply  varying  5^j  and,  for  a  specified  cr„  there 
is  still  a  degree  of  freedom  available. 

The  power  requirement  is  minimum  if  the  n.c.  system  is 
matched  and  Vj  =  AU/e  (or  $si  =  ’<’/2).  This  corresponds 
to  a  complete  separation  of  functions:  powering  by  the  n.c. 
system  (Pb  =  Vih),  focusing  by  the  s.c.  one  (a,  oc  Vj"'/*). 
The  preceding  situations  are  generally  met  for  e~  or  €■*■  in  stor¬ 
age  regime  (cr,  <  c//rj,  h  =  hmai)-  Now  it  happens  that, 
during  the  accumulation,  one  passes  through  different  opera¬ 
ting  states  while  h  varies  from  zero  to  hmax,  in  successive  steps 
Alb-  The  value  of  5/j,  which  can  then  be  freely  set,  determines 
the  increasing  rate  of  Vj  versus  h-  It  has  to  remain  larger  than 
a  few  s.c.  cavity  baiidwitlis  and  such  that  the  resonance  does 
not  approach  too  closely  the  next  beam  spectrum  line  (typi¬ 
cally,  6/2  <  /0/2).  At  low  Ib,  as  long  as  Vj  C  Vj,  a  propei 
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trapping  of  the  injected  bunches  necessitates  Vi  >  AUfe.  This 
constraint  may  determine  the  operating  point.  It  is  also  pos¬ 
sible  to  make  use  of  the  power  reserve  existing  at  low  beam 
loading  for  varying  during  the  accumulation. 

The  stability  of  the  system  in  presence  of  perturbations,  the 
subject  of  the  next  section,  is  another  important  consideration. 

III.  DYNAMIC  BEHAVIOUR 

A.  Stability  criterion 

In  the  presence  of  a  single  RF  system,  the  stability  condition  is 
defined  by  the  well  known  Robinson  criterion  [5]  which,  in  our 
notations,  can  be  expressed  as; 

0  <  3in2'J'  <  2  cos^s  /  V  i  where  Y  —  ih/io  . 

We  found  in  ref.  8  that,  extended  to  the  more  general  case  of 
a  double  RF  system,  the  upper  stability  limit,  becomes: 

-b  (2  cos$s5  -  Vj  «n2'I',)  .  (1) 

If  the  second  RF  system  is  idle,  the  second  term  of  the  right 
hand  side  in  (1)  cancels  ($«  =  'Pj  -  x/2  ,  Yj  =  l/cosPj)  and 
we  once  again  obtain  the  classical  Robinson  limit  for  the  first 
RF  system,  as  if  it  was  alone: 

sin2$i  <  2  cos$si  /  Yi  .  (2) 

This  result  states  that  the  stability  condition  for  the  hybrid 
n.c./idle  s.c  system  is  met  as  soon  as  the  Robinson  criterion  is 
fulfilled  for  the  n.c  system;  in  particular,  (2)  will  be  automati¬ 
cally  satisfied  if  the  n.c  cavities  operate  in  the  matched  case  at 
maximum  beam  current  and  0  <  isi  < 

B.  Stability  margin  and  transient  effects 

In  practice,  a  sufficient  safety  margin  is  necessary  to  cope  with 
departures  from  the  idea)  conditions  previously  assumed.  Gene¬ 
rally,  for  e~  or  e'*'  in  a  normal  storage  regime  (constant  or  slowly 
variable  is),  the  parameters  can  be  precisely  set  by  means  of 
"slow”  amplitude  and  tuning  servo  controls.  The  main  source 
of  perturbation  then  results  from  the  accumulation,  when  h 
increases  from  zero  to  hmax  in  successive  injections.  Ah.  The 
sudden  changes  of  beam  loading  temporarily  destroy  the  steady 
state  equilibrium  and  induce  transient  oscillations  of  the  RF 
voltage.  Eroittance  blow  up  or  even  beam  losses  may  occur  if 
the  safety  margin  is  not  sufficient. 

According  to  our  preceding  results,  the  stability  region  in¬ 
creases  when  the  operating  point  moves  away  from  the  con¬ 
dition  =  x/2.  The  presence  of  "fast”  compensation  (phase 
loop,  feedforward,  RF  feedback,  external  coupling  of  the  two 
systems)  would  significantly  modify  the  situation. 

The  transient  effects  directly  produced  in  the  n.c.  system 
should  be  negligible  compared  to  the  s.c.  one.  If  the  latter 
could  be  considered  individually,  as  a  "free  oscillator”,  the  fre¬ 
quency  of  the  transient  oscillations  would  be  Sfj,  its  damping 
rate,  Tji  (  natural  s.c.  cavity  filling  time),  and  its  amplitude, 
expressed  in  terms  of  instantaneous  power  [8], 

APi  =  AVb  h  .  with  AVi  =  {R/Qh  hh  Irt  I  6/2  .  (3) 

However,  the  s.c.  system  cannot  be  treated  independently  since 
it  is  coupled  to  the  n.c.  system  through  the  beam.  A  correct 
analysis  requires  considering  the  global  system  response  (in  par¬ 
ticular,  its  slowest  damping  rate)  which  depends  on  the  steady 
state  operating  conditions  of  both  systems.  Equation  (3)  should 
nevertheless  give  a  good  idea  of  the  real  maximum  transient  am¬ 
plitude,  conversely,  as  we  will  see  in  a  following  example,  the 
damping  time  .may  be  much  shorter  than  7/2- 
Due  to  ihe  high  degree  of  freedom  available  with  this  system,  a 
general  analytic  approach  is  quite  complex.  In  the  next  section, 
we  estimate  the  effects  for  particular  applications. 


IV.  EXAMPLES  OF  APPLICATIONS 

The  n.c/idle  s.c.  system  provides  an  economical  way  of  genera¬ 
ting  very  high  RF  voltage,  with  additional  degree  of  freedom 
available,  due  to  the  separation  of  longitudinal  focusing  and 
energy  loss  compensation  functions. 

This  seems  to  be  particularly  well  suited  for  the  needs  of  flavor 
factories  (Tau-charm,  B-meson)  where  short  bunches  togetlier 
with  high  design  current  are  required. 

Achieving  very  short  bunches  and  high  peak  currents  is  .also 
important  in  synchrotron  light  sources,  storage  ring  drivers  for 
short  wavelength  FELs  as  well  as  in  the  damping  rings  for  fu¬ 
ture  linear  colliders.  With  very  short  bunches,  we  enter  a  regime 
where  the  effective  impedance  seen  by  the  beam  decreases  with 
bunch  length,  resulting  in  the  increase  of  the  threshold  peak 
current  for  the  turbulent  bunch  lengthening  instability.  Such 
dependence  of  the  threshold  on  bunch  length  ha.'  been  observed 
experimentally  (e.g.  SPEAR,  LEP)  [9,10].  In  LEP,  the  thre¬ 
shold  current  is  ten  times  higher  than  what  one  would  expect 
in  the  long  bunch  regime. 

Two  examples  of  possible  applications  are  described  in  the  fol¬ 
lowing  section. 

A.  B-meson  factory 

We  now  consider  the  use  of  a  n.c./idle  s.c.  system  in  the  high 
energy  ring  of  the  L  =  10**  cm"*  s"*  BFI  proposed  in  ref.  [1]. 
The  main  design  parameters  of  the  ring  and  characteristics  of 
the  RF  system  [2,3]  are  listed  below. 

•  ring  parameters  ; 

E  =  8  GeV,  AU  =  6  MeV  ,  mom.  comp.  fact.  =  0.005 
Is  =  1.12  A  ,  nsunes  —  320  ,  a,  —  4.8  mm 

•  n.c.  RF  parameters  i 

Qj  a  50000  ,  (R/Q),  =  73  fi/cav  ,  nc«vi  =  32 
8  MW  of  installed  RF  power 

•  s.c.  RF  parameters  : 

Qa  a  10*  ,  (R/Q)z  =  40  G/cav  ,  iicavz  =  40 
120  MV  of  total  voltage 

The  number  of  cavities  is  adjusted  for  practical  values  of  the  ac¬ 
celerating  gradient,  input  coupler  power,  HOM  and  fundamen¬ 
tal  dissipation.  Instability  thresholds  have  also  been  taken  into 
account.  The  frequency  of  both  systems  is  500  MHz.  Higher 
harmonic  s.c.  cavities  would  lead  to  an  intolerable  reduction  of 
the  longitudinal  acceptance  during  the  accumulation. 

The  following  table  presents  a  set  of  typical  operating  condi¬ 
tions  for  the  n.c.  system. 


n 

V, 

[MV] 

Pdi 

[kW] 

pRF 
*  total 

[MW] 

Pi 

6fi 

[kHz] 

25. 

14.4 

020. 

7.7 

8.4 

80. 

35. 

lO.C 

500. 

7.3 

14.C 

07. 

45. 

S.C 

330. 

7.1 

21.C 

103. 

55. 

7.4 

240. 

7.0 

27.8 

07. 

In  all  cases,  a  matched  condition  at  full  beam  current  is  as¬ 
sumed.  The  8  MW  available  power,  allows  operation  at  'I>5i 
as  low  as  25”  which  corresponds  to  a  quite  comfortable  stabi¬ 
lity  margin.  With  less  power,  it  is  still  possible  to  achieve  an 
efiicient  capture  of  the  8  cm  injected  bunches,  by  varying  Vi 
during  the  accumulation. 

For  a  total  filling  time  of  a  few  minutes  and  injection  pulses 
around  3  inA,  the  transients  directly  produced  in  the  n  c  cavi 
ties  should  be  negligible.  However,  those  induced  by  the  idle 
s.c.  system  must  be  considered  more  carefully  An  estimate 
of  their  maximum  effects  is  given  below,  for  ~  30“  and 
different  values  of  6/2. 
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5/2 

[kHz] 

AVj 

[kV] 

AP3 

[kV^ 

aA/Pi 

[%1 

A$si 

n 

r 

[ms] 

8.2 

320. 

350. 

5.0 

1.7 

5.2 

25. 

100. 

115. 

1.7 

0.6 

0.4 

SO. 

SO. 

60. 

0.9 

1.3 

1.7 

ISO. 

17. 

20. 

0.3 

0.1 

100. 

AVa  and  A  A  are  defined  in  (3);  A$si  is  the  equivalent  phase 
variation  in  the  n.c.  system  and  r,  the  slowest  damping  rate  ob¬ 
tained  by  solution  of  the  characteristic  equation  [8].  The  first 
line  corresponds  to  the  value  of  6/3  required  for  cr,  ~  5  mm 
(Va  =  110  MV)  in  the  storage  regime;  r  ~  5  ms.  In  the  next 
line,  5/a  is  set  for  minimum  damping  time  (r  c;  400ps).  This  is 
not  necessarily  the  optimum  condition;  the  two  last  examples 
show  higher  r,  but  lower  amplitude.  In  the  search  for  the  best 
compromise,  amplitude,  damping  rate  and  eigcnfrcquency  va¬ 
lues  must  be  simultaneously  taken  into  account. 

The  above  results  seem  quite  compatible  with  the  expected 
safety  margin.  Thus,  the  n.c.  system  could  be  equipped  with 
only  conventional  "slow”  amplitude  and  tuning  controls;  for  the 
s.c.  cavities,  a  servo  mechanism  controlling  their  voltage,  via 
the  action  of  a  tuner,  would  be  sufficient.  If  it  were  necessary, 
"fast”  compensation  methods  could  be  added. 

B.  Synchrotron  light  source 

In  the  context  of  a  parameter  study  for  a  possible  future  Swiss 
Light  Source  (SLS)  we  have  considered  the  use  of  idle  s.c.  ca¬ 
vities  to  obtain  bunches  as  short  as  <t«  =  1  mm  . 

Operated  at  1.5  GeV,  a  200  m  long  ring  with  momentum  com¬ 
paction  factor  around  0.002  and  using  a  500  MHz  RF  system 
(1  MV  voltage),  would  produce  6  mm  long  bunches. 
Introducing  idle  s.c.  cavities  that  would  provide  30  MV  induced 
voltage,  woula  shorten  the  bunch  to  1  mm.  Due  to  the  expected 
slow  ffiUng  rate  of  the  ring,  the  problem  of  injection  transients 
should  not  be  critical.  Both  500  MHz  and  1.5  GHz  were  con¬ 
sidered,  and  while  the  higher  harmonic  system  results  in  some 
saving  of  space  needed  for  the  cavities,  the  HOM  problem  may 
become  more  serious. 

It  should  be  possible,  by  careful  design,  to  build  a  ring  with 
broad  band  impedance  Z/n  <  ID.  For  short  bunches,  the  ef¬ 
fective  impedance  seen  by  the  beam  could  be  much  smaller, 
resulting  in  higher  achievable  peak  currents.  However,  some 
theoretical  considerations  [ll]  suggest  that  the  lowest  limit  of 
the  effective  impedance  is  the  so-called  "free  space"  impedance, 
which  in  our  case  would  be  around  0.2  Q.  If  this  were  con¬ 
firmed,  the  impedance  constraints  on  the  vacuum  chamber  and 
RF  cavities  could  be  relaxed  by  the  use  of  short  bunches. 

A  test  of  the  effective  impedance  scaling  with  bunch  length, 
down  to  this  limit,  should  be  possible  in  the  proposed  experi¬ 
ment  at  EPA  ring  which  is  described  below. 

V.  TEST  ON  AN  EXISTING  MACHINE 
Electron  Positron  Accumulator  (EPA)  is  a  part  of  the  LEP  pre¬ 
injector  complex.  Operated  at  500  MeV,  the  126  m  long  ring 
provides  eight  e~  or  bunches  with  a,  from  20  to  40  cm.  Up 
to  40  KV  is  produced  with  a  single  19  MHz  cavity. 

A  higher  harmonic  n.c.  RF  cavity  (the  convenient  choices  could 
be  114  MHz  PS,  200  MHz  SPS  or  350  MHz  LEP)  with  a  voltage 
around  1  MV  would  shorten  the  bunch  to  about  1  cm. 

An  idle  500  MHz  s.c.  cavity,  prototype  of  a  single  cell  cavity 
considered  in  the  designs  for  the  B-factory,  could  provide  an 
additional  3  MV  induced  voltage  that  would  shorten  the  bunch 
further  to  a  few  millimeters.  Such  a  cavity  would  be  equipped 
with  an  efficient  HOM  damping  system  assuring  the  multibunch 


stability  control.  During  normal  operations,  it  could  be  tuned 
very  far  from  the  resonance,  lowering  the  induced  voltage  to 
value  much  less  than  the  main  RF  voltage. 

The  broad  band  impedance  in  EPA,  dominated  by  the  con¬ 
tribution  from  the  kicker  magnets,  is  about  16  -  20  fi.  The 
added  RF  cavities  will  not  increase  the  overall  impedance  by 
much.  Conversely,  with  the  1  cm  long  bunches,  tlie  effective 
impedance  should  be  approximately  twenty  times  smaller  tlian 
the  low  frequency  limit  quoted  above. 

Already  with  1  mA,  the  induced  3  MV  in  the  idle  s.c.  ca¬ 
vity,  will  make  the  bunch  4  mm  long  and  reduce  the  effective 
impedance  below  the  "free  space”  impedance  estimate  for  EPA. 
In  these  conditions,  we  expect  a  ratio  coherent-to-incohereut 
synchrotron  radiation  of  about  two  and  it  should  grow  linearly 
with  current.  Thus,  a  test  at  EPA  would  provide  plenty  of  signal 
to  check  the  calculations  that  take  into  account  the  shielding 
effects  of  the  vacuum  chamber  [12]. 

Bunch  shortening  provided  by  idle  cavities  could  be  prelimina¬ 
rily  tested  in  the  CERN  SPS:  on  the  one  hand,  by  idling  a  part 
of  the  existing  200  MHz  n.c.  cavities,  in  the  300  mA  proton 
beam,  on  the  other  hand,  by  combining  this  system  with  the 
two  installed  350  MHz  s.c  cavities,  in  the  e~  beam.  In  the  first 
case,  the  idle  n.c.  cavities  are  less  sensitive  to  transient  effects; 
in  the  second  case,  the  voltage  induced  in  the  idle  s.c.  cavities 
by  the  available  e~  current  of  0.5  mA  will  remain  low  compared 
to  the  accelerating  voltage.  However,  these  experiments  should 
bring  much  information  concerning  the  practical  operation  of 
such  a  system. 

VI.  CONCLUSION 

A  hybrid  n.c./idle  s.c  system  is  particularly  well  suited  for  the 
needs  of  e“(e'*’)  storage  rings  or  colliders  where  short  bunches 
together  with  intense  beam  are  required.  The  study  of  its  appli¬ 
cation  for  two  possible  future  machines,  the  B-meson  factory  in 
the  CERN  ISR  and  the  Swiss  Light  Source,  did  not  point  out 
any  further  difficulties  as  compared  to  conventional  systems. 
On  the  contrary,  the  additional  degree  of  freedom  available. 
Ode  to  the  separation  of  functions,  powering  and  longitudinal 
focusing  of  the  beam,  makes  it  very  flexible. 

We  propose  testing  the  principle  with  the  existing  equipment 
and  the  available  beams  of  the  CERN  SPS  as  well  as  in  a  fur¬ 
ther  experiment  at  CERN  EPA,  with  a  prototype  of  a  500  MHz 
s.c.  cavity  considered  in  the  designs  for  the  B-mesoii  factory. 
In  addition,  the  EPA  test  would  permit  to  study  the  scaling  of 
the  effective  ring  impedance  with  bunch  length,  down  to  the 
"free  space”  limit  and  to  experimentally  check  the  coherent  ra¬ 
diation  level  over  a  large  range  of  bunch  length. 

If  this  system  were  confirmed  to  be  operational,  it  could  be 
attractive  for  a  wide  domain  of  other  applications. 
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Abstract 

Ferrite  tuned  cavities  must  operate  under  a  wide  range  of 
accelerating  frequencies.  The  tuning  is  done  by  modulating  the 
current  in  the  coil  surrounding  the  ferrite.  Fee^ack  controllers 
arc  used  to  improve  the  tuning  condition  by  sensing  the  phase 
error.  The  design  of  controllers  currently  in  use  is  based  on  clas¬ 
sical  frequency  domain  techniques.  Classical  controllers  in  this 
application  arc  sensitive  to  variations  in  the  tuning  system 
parameters.  Also,  these  controllers  generally  fail  to  provide  cor¬ 
rect  transient  response  when  there  is  beam  in  the  cavity,  since 
the  beam  loading  changes  the  transfer  function  of  the  system. 
We  have  designed  a  robust  and  adaptive  controller  ba^  on 
sliding  mode  techniques  for  a  cavity  tuning  system  on  the  ISIS 
synchrotron.  The  techniques  are  extendable  to  other  systems. 

I.  INTRODUCTION 

The  analogue  tuning  loop  used  on  ISIS  RF  systems  (Figure 
I)  was  unable  to  provide  the  required  accuracy.  Hence  a  digital 
feedforward  controller  based  on  inverse  transfer  characteristic 
of  the  type  shown  in  Reference  I  was  used.  The  application  of 
such  a  digital  loop  has  also  been  proposed  for  TRIUMF  cavi¬ 
ties^.  Stability  of  such  a  feedback  loop  is  ensured  by  exact  pole- 
zero  cancellation,  which  is  difficult  to  achieve  in  practice.  Also 
the  stability  cannot  be  guaranteed  at  all  operating  conditions  for 
all  the  tuning  systems  due  to  variations  in  system  characteris¬ 
tics.  Ideally,  a  stand-alone,  self-correcting,  intelligent  feedback 
controller  would  be  well-suited  for  the  system.  Such  controllers 
can  be  designed  in  classical  frequency  domain  or  with  the 
recently  invented,  more  powerful  time-domain  approach  such 
as  adaptive  or  variable  structure  controllers.  The  advent  of  nf  w 
techniques  would  allow  us  to  include  variation  in  tuning  system 
conditions  due  to  beam  loading,  since  the  beam  effects  on  the 
cavity  can  be  regarded  as  external  disturbance. 

The  design  of  the  time-domain  conu-ollers  such  as  self-tun¬ 
ing  or  model  reference  adaptive  controllers  is  not  only  complex. 
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Figure  1.  RF  system  representing  cavity  tuning  loops. 
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but  the  hardware  implementation  turns  out  to  be  more  cumber¬ 
some.  A  controller  based  on  variable  structure  principle  such  as 
the  sliding  mode  has  all  the  good  features  of  the  adaptive  con¬ 
trollers,  and  the  algorithm  is  not  difficult  to  implement.  The 
controller  we  have  discussed  needs  information  about  the 
description  of  the  transfer  function  model  in  terms  of  time,  r,  in 
linear  state  space  form  with  variables  {6,t,C,D}  as  system 
matrices,  u-U)  the  control  signal,  y  (r)  the  output  signal,  and 
g  (t)  the  state  variable  matrix  as  follows; 

Ht)  =  6fU) +bui(t)  /jv 

y(t)  =Cf(t)+Du.(t). 

However,  it  is  not  very  difficult  to  obtain  system  matrices  once 
the  frequency  response  characteristic  is  measured.  Several  tech¬ 
niques  are  shown  in  Reference  3.  Since  the  controller  is  inher¬ 
ently  insensitive  to  disturbance  and  to  parameter  variation  - 
unlike  the  classical  PID,  phase  lag,  phase  lead  and  state  feed¬ 
back  -  we  expect  to  achieve  good  performance  when  the  beam 
is  injected  in  the  machine.  At  the  end  of  this  paper  a  schematic 
layout  of  an  analogue  implementation  is  shown  which  can  be 
interfaced  to  Figure  1  to  the  ouqiut  of  the  function  generator. 

II.  SYSTEM  MODEL 

The  cavity  tuning  model  shown  in  Reference  3  for  Figure  1 
was  obtained  in  z-domain  and  was  of  the  7th  order.  It  was  then 
converted  to  continuous  time-domain  state-space  form  of  the 
type  shown  in  Equation  1  by  using  a  sampling  period  of  lOfis 
which  was  used  at  the  time  of  measurement.  Since  we  observed 
some  pole-zero  cancellation  in  the  7lh  order  model  of  the  sys¬ 
tem,  we  used  the  standard  model  order  reduction  routines  of 
Reference  4  by  looking  at  the  weightage  on  the  Gramian  vec¬ 
tors.  Finally,  we  arrived  at  a  3rd  order  state  space  model.  To 
check  the  validity  of  the  3rd  order  model  a  step  response  of  the 
7th  order  discrete  domain  transfer  function  model  was  com¬ 
pared  with  the  reduced  3rd  order  continuous  domain  state  space 
model.  The  agreement  was  found  to  be  very  good.  Hence  the 
conU’ollcr  with  a  reduced  3rd  order  model  was  designed. 


111.  SLIDING-MODE  CONTOOLLER  DESIGN 


The  system  Equation  1  can  be  rewritten  with  tlie  individual 
elements  and  is  shown  in  Equations  2  and  3  below. 
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The  variables  xj,  X2  and  xj  are  lime  varying  functions  called 
internal  stales  of  the  system.  In  our  cavity  tuning  problem  they 
can  be  estimated.  A  brief  discussion  of  this  is  given  later.  These 
estimated  states  are  used  in  the  controller  to  obtain  the  control 
signal.  The  control  signal  u,  can  be  assumed  to  have  two  inputs, 
K  and  Auj,  where  u  is  the  signal  generated  by  the  controller  and 
Auj  the  input  distuibatice: 

«.(/)=  «(«)+A«j(0  .  W 


Using  the  estimated  slates  a  time  dependent  sliding  variable  S  is 
defined  as  follows: 


^  =  [«i  Si  ^3] 

=  ■ 

The  components  g, ,  gj  S3  matrix  are  assumed  to 
be  known  at  this  stage.  However,  later  in  this  p^r  we  discuss 
briefly  a  method  to  calculate  them.  To  design  a  stable  feedback 
loop  we  need  to  choose  a  suitable,  positive  definite  Lyapunov 
function.  In  this  particu’ j'  case  we  can  use  the  function  as 

VU)  =  .  (6) 

For  global  stability  the  Lyapunov  function,  V,  must  be  positive 
definite,  and  its  first  derivative,  V,  must  be  less  than  zero.  In 
other  words, 

SS<0  ,  (7) 

where  S  is  the  time-derivative  of  Equation  5  and  is  given  by 
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S  =  fiAx  +  biu  +  Auj)} 

=  a3]?  +  s7'i(u  +  Au^) 


=  [a,  03  Oj] 


+  P(u  +  A«j)  ,  (8) 
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I  S  -  I 

i  =  1.2,3 
P  =  .  (9) 


We  can  split  the  parameters,  a, ,  Oj,  Uj,  and  p  into  the  nominal 

parameters,  a,°,  and  P”  and  unknown  parameters, 

AOj ,  Aa3,  AOj,  and  Ap  as  follows: 

a=a°  +  Aa  . 

1  I  <  I  I  =  1 ,  2,  j 


P  =  P'>  +  Ap.  (10) 


The  nominal  parameters  were  calculated  using  the  measured 
system  mau’ices  {A.  b]  and  the  mau'ix  of  the  controller  The 
unknown  parameters  are  associated  with  the  amount  of  system 
uncertainties  excluding  the  disturbance  signal.  Also,  let  the  con¬ 
trol  law,  u,  calculated  by  the  conuoller.  be  divided  into  two 
parts:  the  conunuous  pan,  and  the  switching  part,  u^.  The 


continuous  part  will  hold  the  tuning  phase  error  zero  under  ideal 
plant  conditions;  at  the  same  time  the  switching  part  will  drive 
the  phase  error  zero  whenever  there  is  uncertainly.  Thus 

«  =  “c  +  “.  •  (H) 

The  conuol  signals  and  are.  designed  such  that  the 
Lyapunov  stability  condition  dictated  by  Equation  7  is  satisfied 
under  the  normal  operating  conditions.  Also  the  control  signals 
must  not  exceed  the  upper  limits  set  by  the  bias  regulator.  Since 
is  used  as  the  control  function  for  the  continuous  part,  we  can 
group  all  the  nominal  parameters  as  follows: 

1  3 

=  (12) 

I  =  1 

Substituting  Equations  10, 11  and  12  into  Equation  8  and  rear¬ 
ranging,  wc  obtain 

3 

S  =  Ptt^-i-pAuj-i-  5)  (Aa.--pa.»)x,.  .  (13) 

The  switching  part  of  the  control  signal,  is  arranged  with 
gains  to  overcome  the  uncertainties  as  follows: 

“1  =  -  1*1 1  +1=21^21  +^3l*3l  +*ol  .  (14) 


The  function  sgn5  in  Equation  14  is  the  signum  function  which 
has  a  value  either  -t-l  or  -1  when  5  s  0  and  5  <  0,  respectively. 
The  constants,  itj,  k^are  selected  such  that  Equation  7  is 
always  satisfied.  Clearly,  with  the  following  conditions  on  the 
gains,  wc  can  keep  tlic  loop  stable  if 


k.  >  sup 


I  AP 

p(Aa,--pa,») 


1.2,3 


(15) 

The  abbreviation  "sup"  used  in  Equation  15  is  pronounced  as 
"supremum"  to  represent  the  maximum  value  of  the  function.  If 
the  system  parameters  {A.*}  were  accurately  measured  and  if 
the  variation  due  to  temperature  or  other  unknown  effects  is 
ignored,  then  the  gains  and  can  be  set  to  zero.  Whereas 
the  gain  k^  is  still  required  to  handle  the  input  disturbance,  Au^, 
when  die  beam  is  turned  on.  The  choice  of  these  gains  gives  dif¬ 
ferent  weightings  to  the  cost  of  control.  Precise  values  can  be  set 
by  actually  working  on  the  system.  Also,  when  die  feedback 
gains,  ip  -» ij,  are  zero  in  Equadon  14,  then  is  zero.  Under 
this  condiuon  the  control  signal  is  «  =  a^,  obtained  by  solving 
Equadon  12,  which  appears  like  a  linear  state  feedback  control¬ 
ler.  Since  this  type  of  controller  may  give  oscillatory  conuol 
signal,  a  saturation  function  could  be  defined  in  place  of  sgnS. 
It  is  defined  with  a  constant  5  such  that  sgn5  =  1  for  5  >5, 
sgn5  =  -1  for  5 < -5,  and  sgn5  =  S/b  for  5>i'>-5. 


IV.  ESTIMATION  OF  THE  STATES 
From  the  previous  secdon  we  noted  dial  die  required  con- 
uol  signal,  u,  can  be  generated  by  solving  Equadons  5, 11, 12, 
and  14.  We  can  do  this  provided  die  internal  stales,  x,.  X3  and 
Xj  arc  known.  In  our  problem  diey  must  be  esUmaled.  The  stale 
estimator  is  known  as  the  “observer”.  We  use  the  output  signal, 
>  (t) ,  and  the  input  signal,  u,  (rj ,  and  obtain  a  standard  Luen- 
berger  ohmner.  A  simple  design  technique  is  discussed  by 
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Kailaih^.  Hence,  we  simply  quote  the  equation  below: 

X  =  +  +  -mDu^  (16) 

Where,  x  is  the  estimated  state  vector  used  to  calculate  the  slid¬ 
ing  variable,  5,  and  m  is  the  feedback  gain  vector.  This  gain 
vector  is  obtained  from  the  system  parameters,  {d,  C} ,  and  an 
arbitrary  set  of  eigenvalues^.  As  a  rule  of  thumb,  the  eigenval¬ 
ues  of  the  observer  are  chosen  such  that  the  observer  states  con¬ 
verge  to  actual  values  almost  10  times  faster  than  the  controller 
eigenvalues  corresponding  to  .  and  ^3 .  For  designing  the 

observer  we  have  assumed  that  the  input  signal,  u- (r) ,  is  mea¬ 
surable,  meaning  the  disturbance  signal,  is  accessible.  In 
other  words.  Equation  16  will  not  estimate  the  states  accurately 
when  the  beam  comes  on  and  hence  may  give  problems,  espe¬ 
cially  when  the  eigenvalues  are  chosen  close  to  the  controller. 
Further  work  is  underway  to  overcome  the  observer  defects. 

For  overall  stability  the  eigenvalues  of  the  observer  and 
controller  must  be  negative.  The  g  matrix  for  the  controller  is 
selected  by  trial  and  error  method  or  by  using  eigenvalue 
assignment  technique  shown  in  Reference  6.  In  both  cases  the 
equivalent  closed  loop  system,  described  by 

l6-b(fbr^gTA]x,  (17) 

must  have  negative  eigenvalues  for  stability.  Equation  17  is 
obtained  by  substituting  the  condition^  5  s  0  in  Equation  8  and 
using  the  resulting  expression  for  the  equivalent  control  signal, 
Uj,  in  Equation  1,  When  5  s  0  one  of  the  eigenvalues  of  Equa¬ 
tion  17  is  zero^.  Hence,  for  our  system  we  specify  only  two 
eigenvalues,  and  and  ignore  the  third.  The  g  matrix  is 
then  obtained  from  the  following  equation; 

J^  =  y^a(d).  (18) 

where  the  function  a(d)  =  (4  -  X,)  (4  -Xj),  and  the  matrix, 
gT  is  equal  to  the  last  row  of  the  inverse  of  the  controllability 
matrix  of  the  system  (Equation  1),  and  the  symbol  T  is  used  to 
signify  the  tranpose  of  the  matrix. 

V.  IMPLEMENTATION  AND  SIMULATION 

The  feedback  loop  can  be  implemented,  as  always,  in  two 
ways,  using  analogue  or  digital  circuits.  A  schematic  layout  for 
andogue  implementation  is  shown  in  Figure  2.  The  controller 
implementation  would  require  a  multiplexer  to  determine  the 
sign  change  in  the  sliding  variable.  For  digital  implementation, 
a  DSP  chip,  TMS32(Xr30,  from  Texas  instruments  with  a  32-bit 
floating  point  multiplication  and  accumulation  time  of  60ns  can 
compute  the  control  signal  in  under  Sps,  in  real  time. 

We  have  simulated  the  loop  performance  with  the  control¬ 
ler  at  Sps  sampling  rate  in  Figure  3,  with  a  step  disturbance  sig¬ 
nal  of  Auj  =  +  0.1  V  between  5  ms  and  10  ms.  Various 
parameters  are  shown  in  Figure  3.  A  saturation  function  with 
5  =  1 X  lO"^  is  used  in  place  of  sgnS.  Clearly  the  ouq)ut  tran¬ 
sients  are  controlled  under  less  than  0.4°.  At  this  stage  it  is 
recalled  that  the  switching  part  of  the  control  signal  must  not  be 
made  zero;  otherwise  the  output  of  the  system  will  become 
unbounded.  This  is  because  one  of  the  eigenvalues  of  Equation 
17  is  close  to  zero.  Also,  the  controllability  mauix  of  the  system 
is  observed  to  be  very  close  to  singularity.  Hence  all  the  feed¬ 
back  parameters  must  be  carefully  chosen. 


Figure  2.  Analogue  iniplcmcntation  of  the  sliding  mode  controller 
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Figure  3.  (a)  Control  signal,  u  ,  and  (b)  the  phase  error  signal,  y, 
under  a  step  disturbance,  Au^  =  0.1  V. 

VI.  CONCLUSIONS 

We  have  shown  a  modem  control  technique  to  design  a 
robust  feedback  controller  such  as  the  "sliding-mode"  starting 
from  an  experimental  “Bode  diagram"  of  the  system.  We  retain 
all  the  simplicity  of  the  state  feedback  controller  and  add  robust¬ 
ness  to  handle  variation  in  tuning  errors  due  to  beam  loading  or 
other  uncertainties  on  the  system.  Although  the  controller  is 
robust,  a  non-robust  stale  estimator  may  give  problems  unless 
the  eigenvalues  are  carefully  selected. 
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ABSTRACT 

To  achieve  luminosities  of  30-100  times  CESR,  1-2  amps 
of  current  must  be  stored.  A  CESR  B-factory  [1] 
parameter  list  calls  for  50  MV  for  two  rings,  to  be  supplied 
by  16  cells  operating  at  10  MV/m  gradient.  With  a  new  cell 
shape,  the  impedances  of  the  dangerous  higher  order  modes 
(HOM)  are  dr^tically  reduced.  All  HOMs  modes  propogate  out 
of  the  cavity  via  the  beam  pipe,  which  is  specially  shaped. 
This  allows  HOM  power  couplers  to  be  placed  completely 
outside  the  cryostat.  A  ferrite  absorber  on  the  beam  pipe 
lowers  all  Qs  to  ~100,  which  is  sufficient  to  avoid  multi¬ 
bunch  instabilities  without  feedback  systems.  A  waveguide 
input  coupler  on  the  beam-pipe  provides  Qext  as  low  as 
5x10^'  with  a  C-  slot  shaped  iris  that  has  a  negligible  effect 
on  the  cavity  loss  parameter. 


THE  CASE  FOR  SUPERCONDUCTING  RF  CAVITIES 
To  achieve  the  desired  currents  in  a  B-factory,  it  will 
be  essential  to  lower  the  impedance  of  the  ring.  RF 
cavities  are  a  chief  source  of  impedance.  The  advantage 
of  using  SRF  is  that  higher  gradients  are  possible  than 
with  room  temperature  RF,  allowing  a  substantial  reduction 
in  the  number  of  cells  and  their  corresponding  impedance. 
There  is  a  substantial  savings  in  capital  cost  from  the  smaller 
RF  intallation  which  need  only  provide  the  beam  power,  the 
cavity  dissipation  being  negligible.  Corresponding  savings 
in  operating  cost  are  realized.  A  quantitative  comparison 
between  a  normal  conducting  RF  system  for  a  machine  such 
as  CESR-B  and  the  SRF  system  envisioned  is  presented  in 
Table  1. 

Here  we  consider  the  use  of  single  cell  copper  cavities 
with  the  same  cell  design  as  the  superconducting 
cells,  to  properly  compare  the  impedances  presented.  A 
maximum  operating  gradient  of  1  MV/m  for  copper  cavities 
is  assumed,  based  on  the  need  to  keep  the  overall  cell 
dissipation  below  100  Kwatts/cell  (10  watts/cm^).  NC 
cavities  presently  used  in  storage  rings  dissipate 
between  15-60  kWatts/cell  [2].  The  comparison  shows  that 
the  SRF  version  has  10  times  fewer  cells  (impedance),  a  13 
Mwatt  RF  power  installation  savings,  and  a  22  Mwatt  wall 
plug  power  saving.  The  2  Kwatt  refrigerator  needed  in  the 
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Table  1 ;  Comparison  between  a  normal  conducting  and 
superconducting  RF  system  for  the  CESR-B  factory 

LER  HER 


Voltage  (MV) 

12 

35 

Beam  Power  (MW) 

1.5 

4.5 

Normal  Conductinc 

Gradient  (MV/m) 

1 

1 

No.  of  cells 

40 

117 

Cavity  dissipation  (MW) 

3.4 

9.8 

Superconducting 

No.  of  cells 

4 

12 

Gradient  (MV/m) 

10 

10 

Cavity  dissipation  (watts) 

408 

1224 

(Q=1x109) 

SRF  version  would  absorb  <  1/4  of  transmitter  capital  cost 
savings,  and  consume  <  1  Mwatt  of  wall  plug  power.  Today 
superconducting  structures  for  storage  rings  TRISTAN, 
HERA  AND  LEP  reach  average  gradients  over  10  MV/m 
in  acceptance  tests.  Recently  a  5-cell,  500  MHz  cavity 
reached  16  MV/m  accelerating  gradicnt[3]. 

While  this  experience  shows  that  the  desired  gradient  of  10 
MV/m  is  feasible,  the  maximum  beam  current  stored  has  been 
less  than  100  mA.  Our  design  concept  faces  the  challenges 
to  advance  the  capability  of  SRF  cavities  to  handle  amps  of 
current.  A  new  cell  shape  has  been  chosen  to  reduce  the 
impedances  of  higher  order  modes  and  to  faciliate  power 
extraction  and  damping.  New  fundamental  power  couplers  are 
considered  to  increase  the  input  power  capability  from  the 
present-day  maximum  of  100  kwatt  to  at  least  400  kwatts. 
New  higher  mode  couplers  are  considered  to  increase  the 
power  handling  capability  from  100  watts  to  10  kWatts.  To 
avoid  multi-bunch  instabilities  in  face  of  the  tight  bunch 
spacing  of  10  nanosecs,  higher  modes  need  to  be  heavily 
damped  to  Qs  <  100. 

CELL  SHAPE. 

Fig.  1  compares  the  new  cell  shape  with  the  normal 
conducting  cell  shape  presently  used  in  CESR,  and  with  the 
superconducting  cavity  shape  that  will  be  used  for  LEP-II.  A 
major  advance  provided  by  the  new  shape  is  that  the 
impedance  of  the  most  dangerous  HOMs  have  been  reduced 
by  factors  much  lareger  than  the  drop  in  fundamental  R/Q.  It 
should  be  noted  that  this  shape  is  signific  antly  more  open  than 
the  existing  superconducting  cavity  shapes. 
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Fig.  2  compares  the  R/Qs  of  CESR  NC  cell  shape  with 
the  proposed  CESR-B  cell  shape.  For  longitudinal  HOMs 
(a),  and  all  but  two  transverse  modes  (b),  the  highest 
impedance  has  been  reduced  by  more  than  a  factor  of  10. 
Another  major  advance  is  that  all  longitudinal  HOMs 
propagate  out  of  the  cavity  via  a  round  beam  pipe.  This 
allows  all  HOM  coupling  devices  to  be  placed  outside  the 
cryostat,  greatly  simplifying  power  extraction  and  damping. 
All  but  the  two  lowest  frequency  transverse  HOMs  also 
propagate  out  the  beam  pipe.  To  extract  the  two  "trapped" 
modes,  we  propose,  following  a  new  idea  of  Kageyama[4], 
to  use  a  fluted  beam  pipe  of  cross-section  similar  to  that 
shown  in  Fig.  3.  Both  calculations  and  model  measurements 
show  that  the  rectangular  waveguides  formed  by  the  flutes 
serve  to  guide  out  the  troublesome  transverse  modes. 


Fig.  1  Comparsion  of  storage  ring  cell  shapes 

Table  2  lists  the  properties  of  the  fundamental  mode  as 
computed  by  SUPERFISH. 

Table  2 :  Properties  of  the  fundamental  mode. 

Frequency  500  Mhz 

R/Q  89  Ohms/cell 

k(fund.)  0.07  V/pC 

Emax/^cc  2.5 

Hmax/Eacc  52  Oe/MV/m 

Dissipation  102  Watts/cell 

(Q  =lxl09,  Eacc=  3  MV/cell) 
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Fig.  2  Comparision  cf  Imepedances  of  different  cell  shapes 
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Fig.  3  Fluted  beam  pipe  and  input  coupler  geometries 


FUNDAMENTAL  (X)UPLER  AND  WINDOW 
In  comparison  to  a  coaxial  coupler,  a  waveguide  has  low 
power  densities  and  needs  only  outer  wall  cooling,  The 
overall  size  and  static  heat  load  is  reduced  by  using  a  half¬ 
height  guide.  A  design  of  the  coupling  iris  between  the 
cavity  and  the  waveguide  has  been  developed  (see  Fig.  3) 
Bench  tests  on  a  3000  MHz  copper  model  show  QL  as  low 
as  5x10'^.  A  progress  report  on  the  window  is  given  in  another 
paper  [5].  A  500  MHz  prototype  Nb  cavity/couplcr  and 
high  power  window  have  been  ordered  from  indusuy. 

HIGHER  MODES 

Calculated  Q  values  <  70  were  found  for  a 
representative  set  of  highest  R/Q  (max  3.5  Q/cell) 
longitudinal  modes.  For  this,  a  15  cm  absorptive  band  with 
RF  surface  resistance  10^  times  copper  is  placed  on  the 
beam  pipe.  A  promising  absorbing  material,  called  Ferrite- 
50,  possessing  the  desired  properties  has  been  found.  A 
complete  discussion  of  its  properties  and  mode  damping 
success  is  presented  in  another  paper  [6].  A  factor  of  6 
smaller  scale  copper  cavity  model  (3  GHz  fundamental 
frequenc))  \sas  equipped  with  rcrrite-50  beam  tube  sections. 


787 


Strong  damping  ( Q  <  100 )  was  observed  for  all  discemable 
modes  (longitudinal  and  transverse).  Fig.  4  shows  typical 
results.  Calculations  using  the  program  ZAP  show  that  this 
degree  of  damping  will  be  sufficient  to  avoid  multi-  bunch 
beam  instabilities  without  the  use  of  a  longitudinal 
feedback  system. 

Calculated  Q  expected  from  a  beam  pipe  absorber  for 
the  transverse  propagating  modes  were  <  75.  The  two  trapped 
modes  have  quite  high  impedances  (Fig.  2b).  A  model  3 
GHz  cavity  was  equipped  with  a  fluted  beam  tube  at  one  end, 
and  the  Q  of  the  trapped  modes  was  found  to  be  lowered  to 
<200.  ZAP  calculations  show  that  some  transverse  feedback 
will  still  be  required  mainly  to  deal  with  the  resistive  wall 
instability  from  the  impedance  of  the  vacuum  chamber, 
aggravated  by  the  ferrite  sections. 

At  1  cm  bunch  length,  with  HOM  loss  factor  of  0.1 
V/pC,  the  power  loss  will  be  0.8  Kwatts/cell  and  4.3 
kWatts/ccll  for  the  high  and  low  energy  rings.  In  the  resonant 
case,  1.5  kWatts  is  expected  for  tlie  worst  mode.  The  image 
current  wall  losses  are  estimated  to  be  <  1  kwatt  per  section. 

Figure  5  shows  the  cavity  and  cryostat  with  input 
coupler,  and  higher  mode  absorber  concepts. 
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Fig.  4  Damping  of  higher  order  modes  measured 
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Abstract  In  order  to  minimize  the  presence  of  unwanted  reflections 


The  measurement  of  coupling  impedance  of  accelerator 
vacuum  chamber  components  by  wire  method  using  a 
synthetic  pulse  technique  is  presented.  A  standard 
instrumentation,  like  a  Network  Analyzer  able  to  work  in  the 
microwave  region,  is  used  in  order  to  perform  measurements 
in  frequency  domain.  An  off-line  Fast  Fourier  Transform  can 
be  used  to  treat  the  data.  A  suitable  time-frequency  de¬ 
embedding  technique  is  proposed.  Experimental  results  are 
presented. 

I.  INTRODUCTION 

A  O  Factory  machine,  DAC>NE  [1],  has  been  proposed  at 
the  National  Lab.  of  INFN  of  Frascati  -  Italy-  (a  general  talk  is 
presented  elsewhere  at  this  conference).  The  goal  of  this 
accelerator  is  to  reach  a  luminosity  of  10^^  cm'^  sec^  at 
510  MeV.  To  achieve  this  requirement  high  currents,  short 
bunch  lengths,  long  lifetimes  and  high  stable  beam  are 
required.  All  these  requirements  are  strictly  related  to  the 
design  of  the  whole  machine  and  they  can  be  affected  by 
intrabeam  scattering,  p-wave  instabilities,  coupled  bunch 
instabilities,  whose  thresholds  are  linked  to  the  vacuum 
chamber  geometry,  to  RF  cavity  properties  depending  on  the 
interaction  of  the  bunch  with  the  surrounding  structure 
(coupling).  A  problem  of  great  importance  is  the  controlling 
of  the  machine  impedance  to  be  kept  at  a  low  value(under 
5Q).  This  means  that  all  the  accelerator  components  like 
kickers,  bellows,  etc.  that  can  give  a  big  contribution  to  the 
total  impedance,  have  to  be  carefully  designer  and  tested  before 
the  installation.  From  this  the  necessity  of  a  laboratory 
method  to  measure  impedance  follows,  it  has  to  be  used  as  a 
feedback  on  the  design  of  the  machine  elements. 

We  propose  to  use  the  coaxial  wire  method  [2]  instead  of 
the  frequency  perturbation  one  [3],  because  of  the  low  quality 
factor  (Q)  linked  to  the  low  impedance  to  be  measured  in  our 
components.  The  used  technique  transforms  the  Device  Under 
Test  [DUT]  in  a  coaxial  line  by  putting  in  a  central  wire  in 
order  to  measure  the  transmission  through  the  line. 

The  method  was  proposed  by  Sands  and  Rees  [2j  to 
measure  the  energy  loss  of  a  stored  beam  to  a  cavity.  The 
basic  idea  is  that  a  short  current  pulse,  travelling  on  a  thin 
wire  can  simulate  a  particle  bunch  and  if  they  have  the  same 
time  shape  then  the  energy  lost  in  both  cases  is  the  same. 
Some  examples  of  bench  measurements  of  energy  loss  and 
machine  component  impedance  are  reported  in  [4,5,6]. 

We  performed  our  measurements  in  frequency  domain 
where  the  current  technology  allows  obtaining  higher 
precisions.  The  transmission  through  the  DUT  can  be  affected 
by  discontinuities  met  by  the  pulse  along  the  wire. 


matching  sections  are  used  to  maintain  as  much  as  possible  a 
constant  impedance  value  till  the  DUT.The  data  analysis  is 
than  carried  in  the  time  domain  where  is  possible  to  identify 
the  unwanted  reflections  and  to  eliminate  them  by  filtering. 
The  new  signal  is  then  transformed  again  in  the  frequency 
domain  through  a  Fourier  Transform.  It  has  to  be  mentioned 
that  the  goodness  of  this  filtering,  called  time  gating,  and  de- 
embendding  the  main  pulse  is  linked  to  the  right  geometry  of 
the  matching  section  and  spacers.  The  presence  of  spacers  is 
needed  in  order  to  separate  the  main  pulse  from  the  others  and 
to  "cut"  the  signal  in  the  lime  domain  without  taking  away 
important  informations. 

II.  IMPEDANCE  CALCULATION 

A  current  pulse  ii(t)  is  fed  into  a  cylindrical  coaxial 
structure  (reference  pipe)  with  characteristic  impedance  Zl 
(Fig.  la).  The  energy  contained  in  the  pulse  is  given  by 

+0O 

U,=  JzLii^(t)dt  (1) 

•00 

The  same  pulse  is  fed  into  the  structure  with  the  testing 
object  that  replaces  a  part  of  the  coaxial  line  (Fig.  lb). 
Assuming  that  the  pulse  is  only  slightly  modified  by  the 
testing  object,  i.e.  i2(t)=il(t)  +  At,  the  energy  contained 
in  the  pulse  so  perturbed  can  be  written  as: 

U2=  JZj^ij^(t)dt  +  J2  Zj^  ijd)  Atdt  (2) 

•CO 

where  it  is  assumed  (small  perturbations) 

I  Ai(t)  I «  I  i(t)  1  (2a) 

Comparing  the  energy  lost  by  the  pulse,  U  =  Uj-  U2, 
with  the  expression  of  the  energy  loss  of  a  bunch  of  particles 

+00 

U  =  q  jWj^KOdt  (3) 

•00 

it  can  be  derived  that  the  signal  difference  Ai(t)  times  (-2 
ZL/q)  is  equal  to  the  wake  potential  W  b  (t)  of  a  bunch  of 
particles  with  the  same  shape 

Wb(t)  =  -2^Ai(t)  (4) 
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Figure  1-  Schematic  diagram  of  experimental  set-up: 
a)  reference  pipe:  b)  test  structure. 


Figure  2  -  The  layout  of  the  set-up  used  for  the 
measurement. 


Transforming  eq.  (4)  into  the  frequency  domain  yields 

Z((0)Ii((D)  =  -2ZLtIl(«)-l2((0)]  (5) 

The  eq.  (5)  suggests  to  perform  the  measurement  directly 
in  frequency  domain  (Fig.  1)  measuring  the  scattering 
parameter  Si2  (w),  that  gives  the  transmission  coefficient. 
According  to  eq.  (S)  the  longitudinal  coupling  impedance  is 
given  by: 

Q  o  ref 
^12  '  ^12 

^12 

where  S12  and  812*^®^  stand  for  the  structure  with  the 
discontinuity  and  for  the  reference  pipe  respectively. 

It  has  to  be  pointed  out  that  the  use  of  small  perturbation 
approximation  (eq.  2a)  is  better  satisfied  the  thinner  is  the 
central  wire  ( Zi  increases),  but  to  keep  Ai(t)  at  a  measurable 
value  the  wire  cannot  be  reduced  too  much.  A  good 
compromise  needs  [2,7]. 

III.  EXPERIMENTAL  RESULTS. 

A  first  measurement  was  performed  on  a  10  mm  gap  in  a 
copper  beam  pipe.  Two  little  nnctallic  strips  are  used  to  assure 
the  electric  continuity  between  the  two  pipe  pieces.  The  total 
length,  tube  plus  gap,  is  477.6  mm,  with  a  diameter  of 
69  mm.  Two  matching  cones,  500  mm  long,  arc  used  in  order 
to  slowly  adapt  the  69  mm  diameter  pipe  to  an  N  connector.  A 
.95  mm  wire  is  stretched  in  the  center  of  the  tube.  A  line 
with  the  same  dimensions,  put  between  the  two  cones,  is  used 
as  reference  pipe. 


The  layout  of  the  set-up  used  for  the  measurement  is  reported 
in  Fig.  2.  For  the  data  acquisition  and  for  the  control  of  the 
Sweep  oscillator  we've  used  an  Hp  9000/300  computer 
connected  to  a  measurement  system  (Network  Analyzer 
G^.A.),  Sweep  oscillator ,  etc.)  trough  an  Hp-IP  bus.  The 
signals  (Amplitude  and  Phase)  from  the  N.A.  are  sent  to  a 
A/D  convert  and  read  from  the  computer  for  the  subsequent 
analysis.  Transmission  measurements  are  performed  in  the 
frequency  domain  over  some  range  of  frequency  values.  An 
inverse  Fourier  Transform  is  performed  on  the  frequency- 
domain  data.  A  u^in  of  pulses  is  then  observed  in  the  time- 
domain  trace.  These  pulses  are  due  to  multiple  reflections  from 
mismatches  in  the  matching  section  and  at  the  test  device. 
Then  the  first  pulse  is  isolated  by  gating  (is  kept)  and  is 
Fourier-transformed  to  yield  a  frequency  response  with  the 
beating  caused  by  multiple  reflection  removed. 

In  fig.  3  the  amplitude  of  the  transmission  coefficient, 
for  the  reference  pipe  (solid  line)  is  compared  to  the 
transmission  coefficient.  Si 2,  of  the  gap  discontinuity  (dashed 
line).  The  phase  of  the  signals  are  dropped  due  to  lack  of 
space.  In  fig.  4  and  5  the  time  domain  transforms  of  the 
detected  signals  are  reported,  they  clearly  show  multiple 
reflections  due  to  mismatches  in  the  feeding  structure.  In  fig.  6 
the  frequency  domain  transmission  coefficients  S 12  and  812*^^ 
obtained  after  a  time  domain  gating  of  4  nsec  around  the  main 
pulse,  are  reported.  Finally,  in  fig.  7,  according  to  (6)  and 
using  the  gated  signals,  the  real  and  imaginary  parts  of 
coupling  impedance  Z((0)  are  depicted.  Instead  of  using 
spacers,  when  the  structure  assumes  too  big  dimensions,  a 
numerical  expansion  technique,  like  Chirp-z,  can  be  used. 
Another  possibility  is  to  use  a  more  sophisticated  technique  of 
de-embedding  [8].  The  two  mentioned  techniques  are 
particularly  useful  when  the  impedance  of  large  object  have  to 
be  measured.  Experimental  verifications  of  these  techniques  are 
in  progress. 
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Figure  3  Transmission  coefficient.  Reference  pipe  (solid)  Fig.  4  Time  domain  transform  relevant  to  reference  pipe, 
gap-discontinuity  (dashed) 


Fig.  5  Time  domain  transform  relevant  to  gap  discontinuity 
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Figure  7  Longitudinal  impedance  for  the  gap  discontinuity 


Figure  6  Transmission  coefficient  after  time  domain  gating 
Reference  pipe  (solid),  gap-discontinuity  (dashed). 
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Abstract 

When  bunch  lengths  are  much  smaller  than  the  dimensions 
of  the  structure  of  interest,  it  is  often  either  impossible  or 
excessively  time  consuming  to  obtain  estimates  of  the  loss 
parameter  by  numerical  methods.  Furthermore,  numerical 
results  are  not  generally  scalable  to  other  bunch  lengths, 
chamber  angles  or  sizes.  In  the  case  of  a  cylindrical  cham¬ 
ber  very  large  compared  with  the  bunch  length,  and  tapers 
on  each  end,  an  estimate  for  the  loss  parameter  may  be 
made  by  iirst  making  some  assumptions  about  the  distri¬ 
bution  of  electromagnetic  fields,  and  then  calculating  the 
electromagnetic  energy  left  behind  when  the  bunch  leaves 
the  chamber.  The  result  is  an  analytic  formula  for  the 
loss  parameter,  with  no  free  or  empirical  parameters,  that 
agrees  well  with  TBCI  calculations  of  a  20°  tapered  cham¬ 
ber.  Besides  its  intuitive  appeal,  this  formula  is  especially 
useful  in  providing  design  assistance  as  to  the  best  taper 
angle,  diameter,  and  chamber  lengths. 

Electromagnetic  Field  Model 

It  is  well  known  that  for  7  >>  i  in  free  space  or  in  a  uni¬ 
form  beam  tube,  the  electromagnetic  field  of  a  short  bunch 
of  electrons  is  greatly  compressed,  so  that  it  is  almost  en¬ 
tirely  perpendicular  to  the  direction  of  motion.  The  energy 
stored  in  the  electromagnetic  field  traveling  with  the  bunch 
is  likewise  confined  to  a  thin  pancake  whose  thickness  is  ap¬ 
proximately  the  bunch  length.  If  we  allow  the  cross  section 
of  the  beam  tube  to  have  a  sudden  change,  the  pancake  can 
deform,  generate  reflections  or  even  thicken,  but  it  must 
do  so  within  the  constraints  imposed  by  the  finite  speed  of 
light,  i.e.  causality. 

The  general  vacuum  chamber  geometry  considered  here 
is  shown  in  figure  1.  Under  certain  conditions,  the  loss 
parameter  is  independent  of  the  outer  radius  R  and  may 
be  calculated  as  if  the  taper  continued  indefinitely.  For  a 
highly  relativistic  uniform  bunch  of  length  Al,  if  the  path 
length  ABC  is  greater  than  L  by  at  least  Al,  then  the  per¬ 
turbation  of  the  electromagnetic  fields  at  A  cannot  reflect 
off  the  outer  wall  at  B  and  catch  up  with  the  back  of  the 
bunch  at  C,  where  the  bunch  leaves  the  chamber.  This  is 
only  approximately  true  for  a  gaussian  bunch.  Once  the 
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Figure  1:  A  cylindrically  symmetric  chamber  with  tapered 
ends  is  shown  in  this  figure.  Pointr  A  and  B  are  the 
beginning  and  end  of  the  chamber.  Point  B  is  the  point 
where  a  signal  from  A  could  reflect  and  reach  C  in  the 
minimum  time. 

bunch  re-enters  the  beam  pipe,  it  is  difficult  for  reflections 
of  the  electromagnetic  pancake  to  catch  up  to  the  back  of 
the  bunch  because  the  group  velocity  in  the  beam  pipe  is 
substantially  less  than  c,  and  the  walls  of  the  beam  pipe 
have  nonzero  resistivity.  So  any  energy  left  in  the  chamber 
after  the  bunch  leaves  cannot  effectively  interact  with  the 
bunch  charge  and  will  be  ‘lost’.  From  the  geometry  in  fig¬ 
ure  1,  it  can  be  seen  that  the  energy  lost  is  approximately 
independent  of  the  outer  radius  R  if 

^2{R  -  -f  L-’  -  I  ><T  (1) 

Bench  measurements  showing  this  effect  does  indeed  occur 
can  be  found  in  [1]. 

When  ashtrt  uniformly  charged  bunch  of  length  Al  and 
charge  AQ  first  enters  the  taper,  we  can  expect  on  phys¬ 
ical  grounds,  that  the  electromagnetic  field  will  look  like 
that  shown  in  figure  2.  The  shape  of  the  leading  edge  of 
the  shell  is  determined  by  causality.  It  is  a  constant  dis¬ 
tance  from  point  A  in  the  section  shown  in  figure  2.  For 
radial  coordinate  r  less  than  b,  the  field  lines  are  straight; 
essentially  the  same  as  when  the  bunch  was  in  the  beam 
pipe.  Causality  would  allow  the  trailing  edge  to  be  further 
behind  the  leading  edge  than  Al  shown  in  the  figure.  This 
thickening  of  the  shell  could  come  about  from  perturbed 
fields  generated  at  different  azimuthal  points  but  at  the 
same  longitudinal  position  as  point  A  in  figure  2.  The  ef¬ 
fect  would  be  most  pronounced  for  L  ^  b  ‘ /a  and  stronger 
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Figure  2:  A  highly  relativistic  uniformly  distributed  bunch 
of  electrons  virill  generate  a  thin  shell  of  intense  electromag¬ 
netic  Held  in  a  shape  approximately  as  shown  in  this  figure. 


Figure  3:  The  effective  exi!  radius  of  the  beampipe  bejj  is 
defined  in  this  figure  as  the  radius  for  which  a  signal  from 
point  D  could  catch  up  with  the  back  of  the  bunch  at  point 

C. 


for  steeper  taper  angles.  We  will  neglect  this  effect.  By  ne¬ 
glecting  it,  we  will  overestimate  the  strength  of  the  electric 
field  in  the  shell  as  well  as  the  energy  loss. 

We  will  further  assume  that  reflections  from  the  entrance 
taper,  traveling  in  the  opposite  direction  of  the  bunch,  are 
not  significant.  They  are  not  appreciably  seen  in  TBCI  cal¬ 
culations,  and  in  principle,  could  be  removed  by  smooth¬ 
ing  the  discontinuity  at  point  A.  If  there  are  no  reflections, 
there  should  be  no  field  behind  the  segment  of  charge. 

By  applying  Gauss’s  law  to  the  surface  bounded  by 
the  ‘wavefronts’  associated  with  the  front  and  back  of  the 
bunch  and  the  outer  annular  segment  of  length  <Al  located 
at  angle  6  we  have  for  r  >  6, 


2AQ _ 

Al(ssin  0  -f  6) 


(2) 


The  magnetic  field  can  be  computed  in  exactly  the  same 
manner  using  Ampere’s  law.  The  total  electromagnetic 
energy  in  the  field  volume  r  >  6  is. 


AU- 


2(AQ)^  /’ 

A1  Jo 


dd 

(s  sin  6  -^-b) 


(3) 


A  factor  of  two  was  included  to  take  into  account  the  mag¬ 
netic  field  contribution.  The  integral  can  be  evaluated  for 
two  separate  cases,  s  >  b  and  s  <b.  We  are  mainly  inter¬ 
ested  in  s  >  6  where. 


AIT  -  ( (^  +  \/s^  -  h^)tan^/2 -f 

As  v/;2^  \^(s-v/7^62)tan0/2-|-6y 

(4) 

A  simpler  formula  can  be  obtained  by  making  slightly 
different  assumptions  about  the  shape  of  the  electric  field 
lines.  When  s  is  large  compared  with  the  beam  pipe  radius 
6,  the  ‘wavefront’  approximately  resembles  a  pure  spherical 
shell  with  radius  s  centered  on  the  chamber  axis,  extending 
to  angle  9.  The  energy  stored  in  fields  for  r  >  6  when  the 
particle  is  at  position  s  =  L,  is  calculated  by  integrating 
the  energy  from  a  minimum  angle  6o,  where 

00  =  tan  “*(6/i/)  (5) 


to  the  taper  angle  6.  The  result  of  this  integration  for 
uniformly  charged  bunches  is. 


2Q 

Al 


tan  (0/2) 
tan  (0o/2). 


(6) 


Equation  4  reduces  to  equation  6  when  b/L  «  1. 


Formulae  for  the  Loss  Parameter 

Notice  the  field  energy  stored  in  the  volume  r  >  b 
grows  with  increasing  s.  We  will  assume  that  when  the 
beam  reaches  the  far  end  of  the  chamber,  the  field  is  re¬ 
established  in  the  beam  pipe  and  no  further  energy  is  lost. 
That  is,  when  the  bunch  position  is  at  s  =  L,  the  energy 
in  the  electromagnetic  field  for  r  >  6  is  ‘scraped  off’  and 
can  never  again  interact  with  the  bunch.  This  assumption 
is  similar  to  one  made  by  Dome  [3]  that  for  r  <.  6  the  fields 
of  a  point  charge  in  the  cavity  are  the  same  as  they  were 
when  the  charge  was  in  the  beampipe.  An  analogous  ar¬ 
gument  was  made  by  V.E.  Balakin  and  A.V.  Novokhatsky 
(2)  for  energy  lost  by  a  structure  consisting  of  a  sudden 
reduction  in  pipe  diameter. 

Of  course,  an  assumption  of  pure  scraping  for  r  <  6  pre¬ 
cludes  diffraction  of  fields  at  the  exit  end  of  the  chamber 
which  would  tend  not  to  scrape  off  so  much  field  energy. 
Diffraction  effects  at  the  exit  of  the  chamber  occur  if  re¬ 
flections  of  the  front  of  the  pulse  from  the  exit  taper  (point 
D  in  figure  3)  -can  reach  the  beampipe  opening  before  the 
back  of  the  bunch.  A  shallow  taper  will  tend  to  capture 
much  more  of  the  electromagnetic  energy.  If  we  replace 
Al  in  figure  3  with  cr,  then  the  effective  exit  radius  for 
gaussian  bunches  may  be  defined  as, 

bejj  =b+  crcol9/2  (7) 

Taking  the  formulae  for  the  energy  loss  of  a  short  uni¬ 
form  bunch,  equations  4  and  6,  and  assuming  no  thickening 
of  the  electromagnetic  pulse,  we  can  average  over  a  gaus¬ 
sian  longitudinal  distribution  to  arrive  at  an  expression  for 
the  energy  loss  for  a  gaussian  bunch. 
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Figure  4:  TBCI  calculations  for  a  20  degree  tapered  cham¬ 
ber  with  beam  pipe  radius  of  2.5  cm  are  plotted  with 
the  equation  6,  with  and  without  the  modification  due  to 
diffraction  applied. 


Let  the  charge  per  unit  length  be  A  and  substitute  A  for 
AQ/Al  into  cither  equation  4  or  6.  The  expressions  for 
the  energy  lost  can  then  be  written  in  the  form, 


dU  =  \^f{L,6,b)ds 

(8) 

where  ds  is  an  infinitesimal  length  of  charge.  For 
bunches. 

gaussian 

v27ror 

(9) 

Integrating  dU  yields. 

1 

(10) 

The  loss  parameter  *is  defined  as  A:  =  UtonjQ^  where  Q 
is  the  total  bunch  charge  and  U  is  the  total  bunch  energy 
loss.  Applying  this  form  to  equation  6  yields  for  a  gaussian 
bunch, 


it=  -^In 


tan (0/2) 
tan  (00 /2) 


(11) 


where  all  variables  are  assumed  to  be  written  in  CGS  units. 
In  more  commonly  used  units: 


k  [V/pC]  = 


0.508  . 

— - rln 

<7  [cm] 


'  tan  (0/2) 
tan  (00 /2). 


(12) 


Comparison  with  other  Estimates 

A  comparison  between  TBCI  calculations  [5]  and  the  an¬ 
alytic  formula,  equation  6,  for  20°  tapers  is  shown  in 
figure  4.  With  no  diffractive  correction  applied,  i.e., 
00  =  tan  ~*(6/L),  equation  6  consistently  gives  a  higher  es¬ 
timate  of  the  loss  factor,  particularly  for  shorter  chamber 


lengths.  Rather  surprising  is  the  fact  that  the  difference 
between  equation  6  and  the  TBCI  results  is  more  or  less 
constant  with  respect  to  chamber  length,  indicating  the 
corresponding  difference  in  energy  loss  occurs  only  when 
the  bunch  enters  or  leaves  the  chamber.  Figure  4  also 
shows  that,  even  though  for  most  of  the  range  of  chamber 
lengths  calculated,  the  ‘catch  up’  condition  (equation  1) 
is  not  obtained,  the  effects  of  the  reflections  are  small. 
When  a  diffractive  correction  0o  =  tan  “*(6e///£)  is  ap¬ 
plied,  there  is  constant  reduction  of  the  loss  of  approxi¬ 
mately  the  right  magnitude  to  account  for  the  discrepancy 
between  the  TBCI  data  and  the  formula. 

The  other  comparison  I  will  make  is  with  an  analytic 
formula  derived  for  90  degree  tapers  by  Heifets  [4].  That 


is, 


k  = 


1  (tL 


(13) 


subject  to  the  restriction  L  >>  b'^/ar.  When  0  —  90°  is  put 
into  equation  6  and  L»b  the  difference  in  k  between  and 
equation  6  and  equation  13  approaches 


a 


(14) 


Thir  difference  is  significant  compared  with  the  total  loss 
factor  unless  L/b  »  b/a-,  but  this  is  exactly  the  limitation 
given  to  equation  13. 
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Abstract 

Modem  accelerator  design  practice  includes  the  use  of 
aluuiina  rf  and  microwave  windows  and  high-quality  ferrites 
in  applications  with  ever-increasing  requirements  on  power 
handling  ability.  Modeling  studies  of  such  designs  are  of 
increasing  economic  importance,  but  frequently  are  hindered 
by  a  lack  of  measured  values  of  the  ceramic  loss  factors. 
AECL  has  developed  a  system  to  measure  the  complex 
permittivity  of  small  samples  over  a  frequency  range  from  SO 
to  2450  MHz  and  up  to  i000°C  in  temperature.  Samples  of 
rf  window  materials  from  several  suppliers  have  been  studied, 
with  a  view  to  relating  the  dielectric  loss  factor  to  the 
microscopic  material  properties.  As  well,  the  temperature 
dependence  of  the  dielectric  and  magnetic  loss  factors  of  a  few 
relevant  ferrites  were  measured  at  selected  frequencies. 

I.  INTRODUCTION 

The  challenge  in  modem  accelerator  design  is  to  satisfy 
the  increasing  demands  on  performance  and/or  output  without 
iv.curring  the  cost  penalty  usually  associated  with  b. .  'brce 
techniques.  New  materials  ..uid  new  technologies  are  the  txain 
tools  one  uses,  but  to  use  them  successfully  requires 
increasingly  sophisticated  knowledge  of  their  properties  and 
interplay  with  each  other.  Metal  oxide  ceramics  have  a  long 
history  of  use  in  accelerator  systems,  but  improvements  in 
their  properties  and  development  of  new  ceramics  have  opened 
up  new  design  possibilities. 

The  SO  MHz  cavities  designed  and  constructed  at  Chalk 
River  Laboratories  [1]  for  the  PETRA  and  HERA  accelerator 
ring  use  high-quality  ceramics  in  three  separate  applications  to 
achieve  the  design  requirements  at  reduced  cost: 

(1)  A  large  alumina  insulator  spans  the  PETRA  cavity 
accelerating  gap,  so  that  high  vacuum  is  maintained  in 
the  beam  line  while  the  bulk  of  the  cavity  can  operate  in 
air.  A  cw  rf  voltage  of  100  kV  is  maintained  across  a 
200  I  'm  gap  using  a  340  mm  long,  155  mm  diameter, 
7  mm  wan  mgh-density  alumina  cylinder. 

(2)  A  perpendicular-biased  ferrite  frequency  shifting 
system  allows  electronic  slewing  of  the  cavity  by 
0.5  MHz  (1%)  at  an  average  cavity  input  power  of 
6  kW.  Use  of  the  low  loss  TransTech  G510  ferrite 
reduced  the  tuner  average  power  dissipation  up  to 
1000  W  (0.5  W/cm’  of  ferrite),  while  simple  interleaving 
of  the  ferrite  rings  with  high  thermal  conductivity,  hot 
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isostatic  press  (HIP)  sintered,  beryllia  rings  provided 
adequate  cooling. 

(3)  Unbiased  ferrite  with  a  specially  chosen  rf  loss-versus- 
frequency  characteristic  was  used  in  a  simple  higher 
order  mode  damping  system. 

Usually,  the  principles  behind  the  use  of  tliese  ceramic.s 
are  well  understood,  but  am  engineered  optimum  desigtii 
requires  detailed  knowledge  of  the  rf  properties,  which  often 
is  not  available.  For  example,  two  alumina  insulator  materials 
were  tried  in  the  PETRA  cavity  from  dif>'erent  sources.  Both 
had  adequately  low  dielectric  loss  at  room  temperature,  but  in 
one  material  losses  increased  much  more  rapidly  with 
temperature,  and  resulted  in  a  marginal  design,  given  the 
r"<t!  able  cooling. 

Studies  have  been  initiated  to  measure  the  dielectric  and 
magnetic  properties  of  ceramics  used  in  accelerator  en¬ 
gineering  lesign  and  to  attempt  to  understand  the  mechanisms 
behind  the  rf  loss  processes  in  these  materials. 

II.  A  SYSTEM  FOR  MEASURING  RF  PROPERTIES 
USING  THE  CAVITY  PERTURBATION  METHOD 

The  Chalk  River  measurement  system  uses  tne  traditional 
cavity  perturbation  technique,  where  a  sample  is  introduced 
into  either  the  electric  or  magnetic  field  region  of  a  cavity  and 
the  change  in  frequency  and  quality  factor,  Q,  are  related  to 
the  permittivity  and  permeability  of  the  sample.  A  small 
cylindrical  sample,  mounted  in  a  thin-walled  fused  quartz 
tube,  is  heated  to  high  temperature  and  rapidly  inserted  into  a 
cooled  rf  cavity.  As  the  sample  cools,  a  Hewlett-Packard 
8753  network  analy^r,  controlled  via  IEEE  488  interface  by 
a  personal  computer,  determines  the  resonant  frequency  and 
Q  approximate  every  half  second  and  accumulates  the 
numbers  in  a  flje;  for  later  analysis.  The  data  analysis  assumes 
the  validity  of  the  general  formalism  of  resonant  cavity 
perturbation  theory,  but  the  absolute  calibration  relies  on 
measurements  at  room  temperature  of  known  materials,  on  a 
detailed  understanding  of  the  full  complex  cavity  perturbation 
theory  formulation  (21,  and  on  comparisons  \‘'ith  computer 
simulations  using  the  fully  complex  version  of  SUPERFISH, 
which  includes  los  <  in  materials. 

Under  the  assumptions  listed  below,  the  exact  resonant 
cavity  frequency  shift  formula  may  be  reduced  to  the 
following  form 
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Wesgo  or  Kyocera  aluminas.  All  the  loss  tangent  values  at 
1(XX)®C  were  at  least  an  order  of  magnitude  larger  than  that 
measured  for  a  high-purity,  single-crystal  sapphire  calibration 
sample,  demonstrating  that  impurity  and/or  grain  boundary 
effects  are  still  the  determining  factor  in  this  temperature 
range. 


order  mode  excitation.  Recently,  they  have  been  used  as  a 
broadband  absorber  of  all  TE  and  TM  modes  above  cutoff  in 
a  waveguide  mode  damper  coupled  to  rf  cavities  in  high- 
current  storage  rings.  The  ferrite  must  have  a  large  loss 
factor  for  both  electric  and  magnetic  fields  so  that  all  mode 
distributions  are  attenuated. 


IV.  Low-loss  ferrites  for  perpendicular 

BIAS  APPLICATIONS 

The  ferrites  recently  proposed  for  electronic  frequency 
slewing  of  high-power  cavities  are  used  in  the  perpendicular 
bias  mode  (magnetic  bias  field  perpendicular  to  the  rf 
magnetic  field)  to  reduce  magnetic  losses.  Trans  Tech 
aluminum  substituted  YIG  ferrites,  G810  and  GSIO,  have  been 
used  in  this  mode  becau.se  both  their  magnetic  and  dielectric 
losses  are  low.  However,  the  increased  amount  of  ferrite 
required  to  obtain  a  large  frequency  swing  [3]  means  that  the 
ferrite  extends  into  regions  of  higher  electric  field,  and  more 
accurate  estimates  of  the  dielectric  loss  (and  heating)  are 
required. 


Figure  3.  Measured  room  temperature  (22*’C)  dielectric  loss 
tangient  of  unbiased  G810  and  GSIO. 


The  dielectric  constants  of  Trans  Tech  GSIO  and  G810 
were  measured  without  magnetic  bias  (Figure  3).  The 
presence  of  magnetic  bias  is  thought  to  have  no  infiuence  on 
the  dielectric  properties.  A  careful  room  temperature  (22°C) 
measurement  on  unbiased  G810  at  S4.S  MHz  gave 
=  14.2  ±  5%  and  e,’  =  0.014  ±  30%,  for 

tan  Se  =  1.0  *  10’^  ±  30%.  The  GSIO  values  were 
=  13.3  ±  S%  and  €,*  s  0.012,  for  tan  ^  0-9  *  10'^. 
These  values  suggest  a  dielectric  loss  power  dissipation  of  the 
order  of  0.  IS  W/cm’  in  a  1  kV/cm,  SO  MHz  internal  rf  field. 
The  value  of  e,'  is  constant  over  the  frequency  range  in 
Figure  3,  while  the  increase  of  the  loss  tangent  with  frequency 
clearly  rules  out  electron  conduction  as  the  loss  mechanism. 

V.  A  HIGH-LOSS  FERRITE  FOR  RF  \BSORPTION 
APPLICATIONS 

Ferrites  have  been  used  as  rf  absorbers  in  high-power 
tube  resonators  to  suppress  spur  ous  resonances  and  higher 


Trans  Tech  F50  is  specified  to  have  excellent  high- 
vacuum  properties,  a  nominal  Curie  temperature  of  390®C, 
and  a  nominal  room  temperature  electrical  resistivity  of 
25  ohm-cm.  The  permittivity  and  "scalar"  permeability  [2] 
were  measured  at  2.42  GHz  under  zero  magnetic  bias  field 
(Figure  4).  The  lack  of  a  defined  bias  field  direction  means 
that  the  measured  value  is  an  average  over  the  presumably 
random  orientations  of  the  individual  domain  field  directions. 
The  phenomenon  of  the  "effective"  scalar  rf  permeability 
being  less  than  unity  over  a  region  just  below  the  Curie  point 
is  common  to  many  ferrites  in  thic  rrequencv  ranee. 
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Figure  4.  Measured  permittivity  and  scalar  permeability  of 
Trans  Tech  F50  ferrite  at  2.4  GHz. 


Under  the  assumption  that  the  dielectric  loss  is  caused 
purely  by  free  electron  conduction,  the  room  temperature 
value  of  6,"  may  be  used  to  deduce  an  effective  resistivity  for 
this  sample  of  37  ohm-cm. 
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where  is  the  complex  relative  susceptibility  (dimensionless), 
Frf,  is  a  sample  shape  factor  (real,  dimensionless),  V,  and 
are  the  sanqile  and  cavity  volumes,  respectively,  and  A  is  a 
dimensionless  real  constant  depending  only  on  the  shape  of  the 
cavity  and  the  shape  of  the  imperturbed  fields.  The 
assumptions  are: 

(a)  The  sample  is  located  in  a  region  of  uniform  field. 

(b)  The  sample  shape  is  an  ellipsoid  of  rotation. 

(c)  The  stored  energy  in  the  sample  is  small  compared  to 
that  stored  in  the  rest  of  the  cavity. 
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It  may  be  shown  that  relation  (1)  applies  to  non- 
ellipsoidal  shapes  when  empirical  values  of  A  and  F,i,  are 
used.  This  approximation  has  been  checked  with  full  complex 
numerical  calculations  and  found  to  be  accurate  to  ±  3%  for 
sample  length  to  diameter  ratios  down  to  3.S:  1. 


III.  Low-loss  aluminas  for  rf  and 

MICROWAVE  APPLICATIONS 

Initial  studies  of  loss  mechanisms  were  done  on  samples 
from  four  ceramics  that  had  been  purchased  and  used  as  rf  and 
microwave  windows  (Table  1).  All  are  high-purity  aluminas 
and  have  low  dielectric  loss  tangent  (tan  d  «=  e”/e')  at  room 
temperature.  Structural  studies  were  done  both  of  fracture 
surfaces  and  of  polished  and  thermally  etched  faces.  As  well, 
energy  dispersive  X-ray  analysis  (EDX)  was  used  to  give  an 
indication  of  the  type  and  amount  of  impurities  (assumed  to  be 
sintering  aids).  The  dielectiic  constants  were  measured 
(Figure  t)  using  12  mm  long,  3.5  mm  diameter  specimens  that 
had  been  diamond-core  drilled,  cleaned  and  held  in  air  at 
1000°C  for  2  hours  in  high-purity  alumina  boats. 


Table  1 

Measured  Properties  of  Four  RF  Window  Materials 


specimen 

Additives 

Gram  Size 

Poroj 

Crysl.Stf. 

Un< 

Wo(90 

Ab905 

<  0S% 

Aver.  2S;;m 
Range  G-CO 

S 

1-3  pm 

4  » 

<1J10*  2S'C 
2j10*  300  C 

5000'*  tOOO’C 

Oegussit 

AL23 

<  os% 

Aver.  30pm 
Range  3*80 

S. 

1-3  pm 

a  • 

<l»10‘  25  C 

3«10'  3Q0  C 

17X10*  1000’C 

Kyocera 

<  0.5% 

40pm 

Rangc8-120 

4  pm 
.5-30 

a  • 

<1x10*  OfC 
3X10*  300’C 

66x10*  1000'C 

Coot% 

AO  995 

1 <  C«  < 

0.5<  V  1% 

Aver.  IC/im 
Range  5-49 

s. 

1-3  pm 

■ 

tplntai 

<1x10*  25'C 

11x10*  30<fC 

37X10'  tOOOC 

Figure  1.  Measured  loss  tangent  at  2.4  GHz  for  (1)  Coors 
AD-995,  (2)  Degussit  /VL-23,  (3)  Kyocera,  (4)  Wesgo 
AL-995. 

The  Coors  loss  tangent  temperature  dependence  is  clearly 
different  from  the  others  (Figure  1),  rising  steeply  above  room 
temperature  and  peaking  (or  leveling)  around  SOCC.  The 
same  temperature  dependence  occurs  at  lower  frequencies 
(Figure  2)  and  will  lead  to  thermal  runaway  above  specific 
high  rf  power  levels.  The  frequency  dependence  (Figure  2) 
clearly  demonstrates  that  electron  conductivity,  which  would 
give  €*  «  f,  is  not  the  loss  mechanism.  The  spinel 
structure,  evident  in  the  Coors  EDX  spectrum,  is  the  only 
clear  difference  between  the  materials,  and  will  be  studied  as 
a  possible  mechanism  of  low-temperature  loss  in  aluminas. 
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Figure  2.  Measured  absorptive  part  of  the  permittivity  for 
Coors  AD-995. 

The  high-temperature  loss  tangent  appears  unrelated  to 
the  previously  mentioned  low -temperature  loss,  for  at  1000®C 
the  Coors  material  has  a  lower  tan  6  value  than  either  the 
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Abstract 

A  klystron  designed  to  operate  at  11.4  GHz  and 
440  kV  is  presently  SLAC’s  strongest  RF  power  source 
candidate  for  the  Next  Linear  Collider.  It  is  expected  to 
provide  100  MW  r  RF  power  with  a  pulse  width  of  1  mi¬ 
crosecond.  Many  of  the  conventional  tube  technologies  are 
being  pushed  to  their  limits.  High  electron  beam  power 
densities,  RF  electric  gradients  in  cavity  gaps  and  stresses 
on  the  ceramic  RF  output  windows  are  among  the  most 
severe  problems  to  be  dealt  with.  This  paper  describes 
progress  in  the  development  of  this  device  including  re¬ 
sults  from  single  and  double  gap  output  cavities  and  vari¬ 
ous  styles  of  RF  output  windows. 

I.  Introduction 

RF  power  sources  are  under  development  at  SLAG 
in  order  to  satisfy  the  power  requirements  of  a  next  gen¬ 
eration  linear  collider.  For  peak  accelerating  fields  of 
50  MV/m  a  power  requirement  of  60  MW/m  will  be  re¬ 
quired  in  the  current  minimum  design.  To  satisfy  (his 
requirement  efforts  are  underway  to  develop  a  100  MW 
klystron  at  11.424  GHz.  The  design  parameters  for  this 
klystron  are  shown  in  Table  1. 

Table  1. 

SLAC  XC  Klystron  Design  Parameters 


Operating  frequency  11.424  GHz 

Peak  Output  Power  100  MW 

RF  Pulse  Width  100-1000  ns 

Pulse  Repetition  Rate  120  pps 

RF  pulse  risetime  <  10  ns 

Beam  Voltage  440  kV 

Beam  Current  511  A 

Efficiency  45% 

Saturation  Gain  55  dB 

Focussing  Field  kG 

Beam  Areal  Compre.ssion  40:1 

Max.  Surface  Grad,  in  Gun  (at  F.E.)  308  kV/cm 

Maximum  Surface  Grad,  in  Output  Gap  1.33  MV/cm 
(for  single-gap  Cavity) 

Maximum  Surface  Grad,  in  Output  Gap  774  kV/cin 
(for  2-gap  Cavity) 

Average  cathode  current  density  9  A/cm* 

Total  length  «  1.5  m 


We  have  currently  designed  and  built  three  versions 
of  a  100  MW  klystron  (called  XCl,  XC2  and  XC3)  to  test 
various  alternatives  to  RF  windows,  output  cavities  and 


♦  Work  supported  by  Department  of  Energy  contract  DE- 
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beam  optics.  In  addition,  a  series  of  diode  tests  were  per¬ 
formed  to  test  the  breakdown  limitations  in  cathode/anode 
designsfl]  and  beam  transmission. 

In  addition  to  developing  a  klystron  for  a  future  col¬ 
lider,  this  program  has  a  second  purpose.  This  is  to  develop 
a  power  source  to  test  accelerator  structures  and  other  de¬ 
vices.  Thus  far  we  have  used  these  klystron  prototypes  to 
test  a  Binary  Pulse  Compressor[2]  (BPC),  to  serve  as  a 
driver  for  a  Crossed-field  Amplifier(CFA)  and  (in  the  near 
future)  to  drive  a  high  power  Resonant  Ring[3]. 

II.  Initial  Tests 

The  first  test  performed  on  this  klystron  design  was 
a  beam  diode  test.  It  consisted  of  an  electron  gun  identi¬ 
cal  to  the  one  designed  for  a  100  MW  klystron,  a  drift 
section  with  the  same  length  as  the  klystron,  and  the 
solenoid  magnet  designed  for  the  klystron.  The  drift  sec¬ 
tion  was  divided  into  several  thermally  isolated  parts  which 
were  equipped  with  thermistors  to  measure  beam  inter¬ 
ception.  The  purpose  of  the  test  was  to  verify  the  beam 
perveance,  cathode/anode  voltage  standoff  capability  and 
beam  quality  which  had  been  determined  by  the  electron 
trajectory  simulation  code  EG  UN  [4]  and  the  magnet  code 
POISSON  [5].  Results  verified  that  the  perveance  was  at 
the  design  value  of  1.75  n  perv.  and  that  the  beam  inter¬ 
ception  was  w  2%.  In  addition,  no  difficulties  with  cath¬ 
ode/anode  breakdown  were  found.  A  later  experimentfl], 
with  a  specially  coated  focus  electrode,  indicated  that  a 
standoff  capability  of  360  kV/cm  for  5 /is  pulses  and  (in 
excess  of)  400  kV/cm  for  1/is  pulses  could  be  expected. 

III.  Klystron:  General  Description 

All  three  klystrons  have  been  designed  to  operate  at 
440  kV  with  a  perveance  of  1.75  /i  perv.  The  thermionic 
cathode  has  a  diameter  of  8.9  cm  and  a  beam  loading  of 
w  9  A. /cm*.  The  areal  compression  ratio  of  the  beam  is 
190:1,  which  is  a  value  somewhat  larger  than  usual  for 
a  klystron.  To  accomplish  this  compression,  the  beam  is 
first  compressed  electrostatically  by  a  factor  of  «  40  and 
then  further  compressed  magnetically  in  a  slow,  adiabatic 
manner.  This  latter  compression  is  performed  in  a  long  ta¬ 
pered  drift  tube  section  (30  cm)  between  the  gun  and  input 
cavity.  Magnetic  focussing  is  accomplished  with  a  6  kG. 
solenoid  magnet  and  a  separate  trim  coil  wound  directly 
on  the  klystron  body  upstream  of  the  input  cavity.  Results 
from  EG  UN [6]  indicated  that  this  trim  coil  might  improve 
beam  quality.  The  solenoid  magnet  field  is  controlled  by  six 
independent  sets  of  coils  (including  bucking  coil)  to  shape 
the  field  to  the  design  value.  In  the  third  klystron  (XC3) 
the  field  was  modified  by  removing  the  trim  coil  and  shap 
ing  the  field  with  a  smaller  diameter  steel  gun  pole  piece. 
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fl=1 1.440  GHz  f2=11.403GHz  f3=1 1.504  GHz  14=12.224  GHz  15=11.424  GHz 

Qe=175. 


Xq  =  0.446m  at440kV.  511A,  Iq  =  11.424  GHz  ,.g, 

Dimensions  in  inches 

Figure  1.  XC2  Klystron,  Double-Gap  Output  Cavity  Design  Values. 


The  importance  of  the  bucking  coil  is  also  diminished  in 
this  design. 

The  RF  section  consists  of  an  input  cavity,  two  gain 
cavities,  a  penultimate  cavity  and  an  output  cavity.  (See 
Fig.  1).  Details  of  the  different  output  cavities  are  de¬ 
scribed  below. 

The  number  of  waveguides  leaving  the  output  cavity 
is  different  for  the  three  klystrons  but  in  all  designs  two 
output  windows  are  used.  For  XCl,  two  waveguides  leave 
the  output  cavity  directly  while  XC2  and  XC3  use  a  single 
waveguide.  In  this  latter  design,  the  power  is  then  divided 
by  a  3  dB  splitter  into  two  separate  waveguides.  Two  dif¬ 
ferent  window  designs  have  been  used  and  are  described 
below. 

Pumping  of  the  klystrons  is  accomplished  by  means 
of  2  1/s  vac-ion  pumps  mounted  on  the  input  and  output 
waveguides.  Typical  klystron  pressures  are  1-5  x  10“®Torr. 
as  read  by  the  pump  currents. 

IV.  XCl 

XCl  was  the  first  X-band  klystron  tested  in  this  pro¬ 
gram  at  SLAC.  It  was  a  five  cavity  klystron  with  a  single 
gap  output  cavity.  Thin  (.79  nun)  RF  windows  were  used 
because  of  simplicity  and  the  need  for  wide  bandwidth. 
(The  klystron  was  to  be  used  in  CFA  experiments). 

The  peak  power  attained  with  XCl  was  65  MW.  This 
was  only  attained  at  narrow  pulse  widths  however  (30 
10  ns).  At  wider  pulse  widths  RF  breakdown  limited  the 
peak  power  attainable  although  RF  conditioning  did  ini 
prove  the  RF  breakdown  threshold  somewhat.  Results  of 
peak  power  generated  at  threshold  both  initially  and  after 
R5  250  hours  of  operation  are  shown  in  Fig.  2.  As  is  seen 
in  the  figure,  the  peak  fields  in  ihe  output  cavity  for  a  \  /is 
pulse  were  only  COO  k\’/crn  which  is  much  le.ss  than  the 
1330  kV/cm  expected  at  100  MW. 


Figure  2.  Measured  Power  Units  as  a  function  of  pulse  width 
for  XCl  &  XC2. 

After  studying  the  performance  of  the  klystron,  it  was 
used  as  a  driver  for  CFA  experiments  and  BPC  tests.  Un¬ 
fortunately  during  the  latter  tests,  the  windows  were  dam¬ 
aged  which  terminated  further  testing.  Evaluation  of  the 
klystron  indicated  that  significant  beam  erosion  and  RF 
breakdown  had  occurred  in  the  output  cavity.  In  addi¬ 
tion,  damage  was  observed  at  the  other  cavities  and  at  the 
entrance  to  the  drift  tube. 

V.  XC2 

Because  of  the  problem  of  RF  breakdown  in  XCl  it 
was  decided  to  change  the  output  cavity  design  to  a  dual¬ 
gap  cavity.  This  would  have  the  effect  of  reducing  the  peak 
cavity  fields  by  Rs  60%.  In  addition,  .some  small  changes 
were  made  to  the  RF  circuit  to  improve  its  performance. 

Other  changes  in  this  tube  included  the  addition  of 
beam  diagnostics.  The  copper  klystron  body  was  ther¬ 
mally  isolated  into  five  sections  by  thin  (.3  cm)  stainless 
steel  plates.  Five  thermistors  were  installed  into  the  body 
within  2  mm  of  the  drift  tube  radius  at  key  locations.  The 
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most  important  of  these  were  the  two  located  at  the  rear 
end  of  the  penultimate  and  output  cavities.  In  addition, 
the  collector  was  electrically  isolated  from  the  tube  body  to 
permit  direct  measurement  of  transmitted  beam  current. 

Initial  tests  indicated  improvements  in  peak  power 
to  72  MW  for  pulse  widths  of  100  ns.  Figure  3  shows 
the  klystron  performance  as  a  function  of  beam  voltage. 
The  highest  power  levels  were  measured  calorimetrically 
at  pulse  widths  ranging  from  100  to  200  ns  at  a  pulse 
repetition  rate  of  180  pps.  At  the  highest  beam  volt¬ 
age,  calorimetric  power  measurements  were  compared  to 
RF  measurements  (crystal  diode  detector)  under  identical 
conditions  and  found  to  give  equivalent  results.  As  can 
be  seen  in  Fig.  2,  peak  power  levels  of  35  MW  were  mea¬ 
sured  for  pulse  widths  of  up  to  800  ns.  These  power  limits 
were  more  the  result  of  the  experimental  requirements  at 
the  time  rather  than  a  firm  breakdown  limitation.  For  the 
most  part,  this  klystron  was  used  to  supply  power  to  the 
BPC  experiment  which  required  «  35  MW  RF  power  at 
a  pulse  width  of  800  ns.  At  the  conclusion  of  BPC  test¬ 
ing  it  was  found  that  both  RF  windows  were  broken.  This 
necesitated  a  pause  in  experimentation  until  these  windows 
could  be  replaced.  During  repair,  it  was  found  that  beam 
erosion  due  to  interception  had  taken  place  in  the  output 
section  of  the  klystron.  It  was  unclear  whether  or  not  any 
RF  breakdown  had  also  taken  place. 

At  the  time  of  this  writing,  the  windows  of  XC2  have 
been  replaced  with  a  more  robust  “thick”  design  and  the 
tube  is  again  operational.  Improvements  to  beam  optics 
is  expected  due  to  improved  alignment  procedures  and 
tighter  tolerances  of  the  solenoid  magnet  to  the  klystron. 


Beam  Voltage 
Figure  3.  XC2  Output  Power. 

VI.  XC3 

This  klystron  was  designed  with  the  same  modifica¬ 
tions  as  the  current  XC2.  The  only  difference  was  in  the 
magnetic  field  profile  near  the  cathode  which  was  improved 
to  reduce  the  beam  fill  factor  and  subsequent  interception 
at  the  end  of  the  magnetic  compression  stage. 

During  initial  testing  the  beam  intercepted  the  drift 
tube  in  the  output  cavity  region  causing  melting.  This  re¬ 
sulted  in  the  development  of  a  13  8  GHz.  oscillation  in  the 
output  cavity.  This  oscillation  was  present  even  in  the  ab¬ 
sence  of  RF  drive  power.  Us  intensity  was  somewhat  con¬ 


trollable  by  “squeezing”  the  beam  with  the  solenoid  mag¬ 
net.  The  oscillation  caused  excessive  heating  in  the  output 
cavity,  probably  by  disrupting  the  beam,  and  also  out- 
gassing  in  the  windows.  (The  windows  are  opaque  to  this 
higher  frequency  mode).  After  disassembling  the  klystron, 
extensive  damage  was  discovered  in  the  septum  and  down¬ 
stream  gap  of  the  output  cavity.  This  cavity  is  currently 
being  replaced  and  the  tube  will  be  in  operation  in  the 
near  future. 

VII.  Summary 

Three  X-band  klystrons  have  been  designed  and  tested 
as  part  of  development  of  an  RF  source  for  a  future  Lii.er 
Collider.  At  this  time  72  MW  RF  power  has  been  gener¬ 
ated  with  a  pulse  width  of  100  ns  and  35  MW  has  been 
generated  at  800  ns. 

In  order  to  improve  the  current  design  significantly, 
the  problems  of  beam  interception  and  RF  breakup  must 
be  overcome.  Beam  interception  is  a  particularly  difficult 
problem  because  the  high  current  density  of  the  beam  can 
cause  intrapulse  melting  for  almost  any  level  of  body  inter¬ 
ception.  To  alleviate  this  problem,  future  klystron  modi¬ 
fications  will  include  improved  beam  optics,  a  larger  out¬ 
put  cavity  radius,  and  beam  collimators  near  the  input 
and  output  cavity  positions  to  limit  the  size  of  the  beam 
and  remove  any  beam  halo.  These  modifications  will  also 
reduce  the  likelihood  of  RF  breakdown  if  the  latter  was 
caused  by  gassiness  caused  by  localized  heating  and  melt¬ 
ing.  Modifications  to  the  output  cavity  design  are  also 
underway  in  the  form  of  lower  field  designs.  These  include 
a  3-gap  output  cavity  and  a  multiple-gap  traveling  wave 
output  cavity. 

Further  work  in  RF  window  design  is  also  underway. 
In  addition  to  the  new  “thick”  (.43A' ),  currently  in  test,  a 
larger  diameter  (4.6  cm)  design  is  being  developed. 
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Abstract 

In  this  paper  we  describe  the  determination  of  the  properties  of 
the  above  referenced  cavities  with  particular  emphasis  on  the 
damping  of  the  higher  order  modes  (HOM).  Because  mode 
frequency  spectra  were  determined  for  a  large  number  of  shorted 
waveguide  lengths,  rather  complete  analyses  are  possible.  Phase 
frequency  plots  have  proved  to  be  an  invaluable  aid  in  sorting  out 
overlapping  resonances  and  separating  cavity  resonances  from 
waveguide  resonances  Algorithms  for  the  determination  of  the 
parameters  of  several  resonances  simultaneously  have  been 
developed.  Determinations  of  Q  from  multiresonance  analyses  are 
compared  to  those  from  single  resonance  analyses,  and  the  changes 
arc  typically  found  to  be  small. 

I.  INTRODUCTION 

The  damping  of  higher  order  modes  in  accelerator  cavities  has 
been  a  subject  of  extensive  study  for  many  years.  The  primary 
technique  employed  has  been  to  couple  the  energy  out  through  wave 
guides  to  be  terminated  in  matched  loads.  Computer  programs  such 
as  MAFIA  (as  in  this  paper)  have  been  extensively  employed  to 
assist  in  the  design  of  such  structures.  To  obtain  values  of  the  Qcxi 
and  the  shifted  resonant  frequencies  due  to  the  wave  guide  loading, 
it  has  been  necessary  to  develop  special  analysis  techniques  to  be 
applied  to  the  results  obtained  from  a  program  such  as  MAFIA,  The 
methods  of  Kroll-Yui  (KY)  and  Kroll-Lin2  (KL,  or  KYL  wiien 
referring  to  them  collectively)  are  examples  of  such  techniques  and 
will  be  employed  for  the  two  problems  which  we  discuss  in  this 
paper.  The  thrust  of  KYL  was  aimed  towards  minimizing  the 
number  of  computer  runs  needed.  The  two  examples  discussed  here 
are,  however,  considerably  more  complex  than  those  discussed  in 
those  papers,  and  the  rather  larjge  number  used  here  h.rve  permitted  t> 
more  complete  overall  analysis  of  the  mode  spectrum.  Also,  since 
we  are  still  acquiring  experience  with  these  methods,  the  larger  “data 
sample"  is  veiy  useful  for  providing  validation. 

A  problem  which  we  ha\e  experienced  in  appljing  KYL  has 
been  the  separation  of  waveguide  resonances  from  cavity 
resonances.  One  deals  here  with  the  spectrum  of  a  lossless  coupled 
cavity  waveguide  system,  and  any  run  at  a  particular  waveguide 
length  will  produce  a  series  of  resonances,  some  cavity  associated, 
some  waveguide  associated,  and  some,  when  the  two  occur  at 
neighboring  frequencies,  strongly  coupled.  When  the  waveguide 
coupling  is  not  too  strong,  these  cases  can  be  readily  distinguished 
by  inspection  of  field  plots.  Current  interest,  however,  centers 
about  the  strongly  coupled  case  where  this  method  has  not  always 
been  convincing.  We  have  found  phase-frequency  plots  to  be  of 
great  assistance  in  sorting  out  this  problem. 

The  phase  of  a  given  computer  determined  mode  at  a  particular 
waveguide  length  is  given  by 

ip  =  2  n  L/  Xg 

As  the  length  is  varied  each  mode  traces  out  a  section  of  a 
phase-frequency  curve.  As  pointed  out  by  KY  each  such  section  is 
displaced  by  a  multiple  of  k  from  a  single  universal  curve  that 
applies  to  all  of  the  modes.  The  designation  "phase-frequency  plot ' 
is  intended  to  refer  to  that  single  universal  curve.  An  example  is 
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provided  by  Fig.  1.  It  is  based  on  data  reported  by  Higo  eL  al  at  the 
LINAC  90  conference^.  We  were  provided  with  a  list  of  the  lowest 
seven  modes  arising  from  MAFIA  runs  at  twelve  different 
waveguide  lengths.  The  quantity  n  ;r  was  subtracted  from  the  phase 
of  the  n'th  mode  at  each  length  and  the  entire  set  of  84  ^ints 
plotted.  As  is  apparent  from  Fig.  1,  the  points  do  indeed  trace  out  a 
smooth  curve.  The  high  density  of  points  in  the  low  frequency 
portion  of  the  curve  results  from  the  high  degree  of  overlap  which 
results  from  the  n  k  shifts.  The  smallness  of  the  scatter  is  an 
indication  of  the  high  quality  of  the  computer  output.  The  cavity 
resonances  are  associated  with  the  steeper  portions  of  the  curve,  and 
as  we  shall  discuss  later,  the  low  frequency  portion  is  indicative  of 
overlapping  resonances.  The  presence  of  these  overlapping 
resonances  has  been  the  motivation  for  the  development  of 
multiresonancc  fitting  procedures.  Both  single  mode  propagation 
and  a  unique  symmeffy  relation  between  the  fields  in  the  two  outputs 
has  been  assumed  in  the  above  discussion.  These  were  assured  by 
the  boundary  conditions  applied  in  the  MAFIA  calculations. 


Fig.  I  Phase  freqttency  plot  for  JLC  prototype  cavity. 

2.  THE  JLC  CAVITY 

The  KYL  methods  are  based  upon  the  following  representation 
of  the  phase-frequency  relation: 

(P(a))  =  ^arctan  (-^)  -  x  (w) 

1  a>-Wi 

X((o)  =  Xo+o)X' 

For  each  mode,  u/2v  is  the  Q  value  and  u  the  resonant  frequency. 
The  branches  of  the  arctangents  are  to  be  chosen  so  as  to  obtain  a 
smooth  curve.  The  function  /  is  intended  lo  represent  the  effect  of 

resonances  not  taken  into  account  explicitly.  If  one  ignores  x.  it  is 
apparent  that  as  the  frequency  passes  through  a  resonance  the  phase 
decreases  by  n.  K  all  resonances  occurring  within  a  given 
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frequency  interval  are  recognized  and  included  explicitly  in  eq.  (1), 
then  X  tnay  be  presumed  to  be  due  to  resonances  outside  the  interval 
and  therefore  to  vary  by  substantially  less  then  n  over  the  same 
interval.  Thus  we  do  not  consider  a  "feature"  in  the  phase-frequency 
plot  to  correspond  to  a  resonance  unless  a  phase  change  of  n  is 
involved,  and  strongly  overlapping  resonances  produce  phase 
changes  which  are  multiples  of  7t. 

Applying  these  considerations  to  Fig.  1,  we  conclude  that  the 
region  below  18000  MHz  conta^.s  three  overlapping  resonances, 
the  region  18000-24000  MHz  is  resonance  free,  and  the  region 
24000-26000  MHz  contains  two  resonances.  The  isolated  point 
above  26000  suggests  an  additional  resonance,  but  because  of 
inadequate  supporting  information  we  ignore  it  in  our  analysis.  We 
determined  resonance  parameters  for  the  three  low  frequency  and 
two  high  frequency  parameters  separately.  To  obtain  parameters  for 
the  low  frequency  resonances  we  chose  eight  more  or  less  evenly 
spaced  data  points  between  15340  and  18236  MHz,  and  determined 
the  six  resonance  parameters  and  two  x  parameters  so  that  the 
theoretical  curve  passed  through  the  eight  selected  points.  The 
results  of  this  procedure  are  shown  in  Fig.  2.  The  resultant  fit  is 
seen  to  be  excellent,  and  the  theoretical  curve  fits  the  data  accurately 
until  the  high  frequency  resonances  are  approached.  Attempts  to  fit 
the  data  with  only  two  resonances  failed  and  showed  clearly  that  the 


Fig.  2  Three  resonance  eight  point  fit  for  the  low  frequency 
resonances. 


Fig  3  Composite  plot  of  the  hm  frcqueni.y  fit  of  Fig  2isitbLinio 
resonance  six  point  fit  to  the  high  frequene)  rtsonuruis  Tin.  bnuh 
point  is  at  24100  MHz 


phase  span  in  the  resonance  region  combined  with  the  slope  of  the 
resonance  free  region  is  inconsistent  with  the  assumption  that  only 
two  resonances  are  involved.  For  the  high  frequency  resonances  we 
selected  six  points  in  the  range  25006  to  25956  MHz  and  determined 
four  resonance  parameters  and  two  x  parameters  so  that  the 
theoretical  curve  passed  through  the  six  selected  points.  A 
composite  curve  containing  both  fits  is  shown  in  Fig.  3.  The  break 
between  the  two  representations  occurs  at  ~  24100  MHz  where  the 
two  curves  cross.  Frequencies  and  Q  values  that  yielded  Fig.  3  are 
shown  in  Table  I.  The  figures  in  parentheses  are  those  obtained 
from  single  resonance  four  parameter  fits  carried  out  with  data 
points  selected  from  the  neighborhood  of  the  resonance  as 
determined  by  visual  inspection  of  Fig.  1.  Mode  2  is  not  discernible 
in  this  way  and  attempts  to  find  it  with  the  four  pxiint  method  after  its 
position  had  been  determined  were  not  successful.  Nevertheless  the 
results  show  that  the  four  point  method  can  give  quite  reliable  results 
even  in  the  presence  of  severe  overlap.  It  appears  that  the  free  slope 
parameter  does  a  quite  effective  job  of  taking  account  of  the  effect  of 
omitted  resonances  on  the  Q  values. 

Table  I.  Frequencies  and  g's  for  the  JLC  Cavity 


Mode  Number  Frequency  (MHz)  Q 

1  15375(15552)  10.9  (12.0) 

2  16077  7.1 

3  17048(16927)  14.8  (13.5) 

4  25121  (25138)  43.1  (42.0) 


5  25814(25814)  -1000  (-1000) 

We  have  not  identified  the  modes  because  we  have  not  seen  the 
associated  field  plots.  Fig.  1  of  ref.  3  plus  the  symmetry  imposed  in 

the  MAFIA  calculations  suggest  TMno-it  for  mode  1  and  TEm-O 
for  mode  2  or  3.  We  suspect  that  the  other  of  these  two  modes  is 
associated  with  the  radial  slot  in  the  disk. 

3.  THE  PROTOTYPE  B  FACTORY  CAVITY 

The  cavity  referred  to  in  the  heading  above  consists  of  a  pill  box 
with  three  waveguides  mounted  symmetrically  on  one  end, 
emerging  perpendicular  to  the  end,  and  with  the  wide  dimension 
perpendicular  to  the  radius.  In  addition  it  includes  a  cylindrical 
section  of  smaller  radius  intended  to  represent  the  beam  pipe, 
symmetrically  disposed  on  the  two  ends  and  terminated  with  a  short. 
A  computer  simulation  of  half  the  cavity  is  shown  in  Fig.  4.  It  is  a 
B  factory  prototype  only  in  the  context  of  a  study  of  higher  order 
mode  damping. 


Fig.  4  MAFIA  simulation  of  the  prototype  B  factory  cavity  used  for 
the  MAFIA  computations. 

Because  the  cavity  is  symmetric  under  1200  rotation  about  the 
beam  axis,  its  modes  can  be  characterized  by  an  m=-l,m=0,  or 
m=I  symmetry  index  corresponding  to  the  lowest  fourier 
component  in  the  azimuthal  fourier  expansion  of  the  fields.  The 
m=+-/  modes  are  degenerate,  but  because  only  half  the  cavity  is 
modeled  only  a  single  linear  combination  of  this  pair  appears.  Thus 
we  can  arialyze  the  m=0  and  m=l  modes  separately. 

MAFIA  calcu  .uons  were  carried  out  for  14  different  lengths 
of  waveguide,  beginning  with  zero.  The  results  of  the  calculation 
are  summarized  in  Fig  5.  Connecting  lines  have  been  drawn  which 
preserve  the  mode  order  of  m  =  I  and //i  =  0  modes  separately. 
Identification  was  based  upon  the  fact  that  fields  at  the  end  of  the 
waveguide  should  be  equal  for  the  m-0  case  and  in  the  ratio  -1  to  2 
for  the  m=I  case  (the  -1  refers  to  the  amplitude  in  the  full  width 
waseguide).  Because  the  computer  mesh  does  not  accurately  reflect 
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Fig.  5  MAFIA  computed  mode  spectra  of  the  Prototype  B  factory 
cavity  shown  as  a  function  of  the  length  of  the  shorted  waveguides. 
Connecting  lines  join  points  belonging  to  the  same  symmetry  class. 

m=0  square  points.  m=l  x  points. 

the  symmchy  of  the  physical  structure,  these  relations  are  satisfied 
only  approximately,  and  large  deviation  occurs  at  the  crossing 

points.  The  n  ;r  displacement  procedure  is  applied  to  the  m=0  and 
m=I  sequences  separately,  and  the  phase-frequency  curves 
illustrated  in  Fig.  6  emerge.  The  squares  mark  m=0  and  the  x's 
m=l.  The  four  "star"  points  are  from  the  crossing  regions  and  have 
ambiguous  symmetry.  Both  points  appear  on  each  curve.  These 
points  were  avoided  in  carrying  out  fiequency-Q  determinations. 
The  figure  also  contains  points  from  a  calculation  carried  out  at 
length  61.29cm  with  a  magnetic  boundary  condition  imposed  at  the 
waveguide  ends.  These  fall  on  the  universal  curves  if  their  phase  is 
displaced  by  an  extra  71/2. 

The  m=0  curve  exhibits  a  maximum  at  the  low  frequency  end 
instead  of  the  usual  monotonic  decrease.  This  is  due  to  a  mode 
trapping  phenomenon  which  has  plagued  the  application  of 
waveguide  damping.  The  mode  involved  here  is  the  l^oii-  It  bas  a 
frequency  of  868.36  MHz  for  the  closed  cavity,  well  above  the 
waveguide  cutoff  of  786.86.  As  the  waveguides  emerge  from  the 
cavity  end  and  lengthen,  the  frequency  of  the  mode  is  pulled  down 
and  eventually  falls  below  the  guide  cutoff  frequency.  When  this 
hapi>ens  the  phase-frequency  plot  is  guaranteed  to  exhibit  a 
maximum  as  a  function  of  frequency.  (The  reality  of  this 
phenomenon  has  been  confirmed  with  an  analytically  solvable 
model.)  The  mode  did  not  actually  fall  below  cutoff  at  the  largest 
length  (61.29cm).  However,  the  appearance  of  the  maximum  is 
considered  to  be  the  indication  that  it  will  eventually  do  so. 
Replacing  the  electric  boundary  condition  with  a  magnetic  one  at  the 
waveguide  end  has  an  effect  similar  to  increasing  the  length,  and 
such  a  calculation  was  performed  to  see  whether  it  would  exhibit  an 
extra  trapped  mode.  Indeed  such  a  mode  was  found  at  773.87 
MHz,  which  we  take  to  be  a  confirmation  of  the  above.  Apart  from 
the  trapped  mode,  the  ffi=0  curve  shows  only  one  resonance,  a 
detrap^d  and  low  Q  counterpart  of  the  trapped  TMqh  mode.  The 
determination  of  the  resonance  parameters  of  this  mode  is  degraded 
by  the  fact  that  the  KY  phase-fr^uency  formula  does  not  include  the 
trapping  phenomenon,  so  that  the  Q  determination  appears  to  be 
uncertain  up  to  a  factor  two  or  so. 

The  m=I  phase-frequency  curve  is  of  the  expected  form  and 
clearly  shows  the  seven  lowest  waveguide  damped  m=l  modes. 
Four  parameter  single  resonance  fits  have  been  carried  out  using 
both  the  KY  and,  where  adequate  data  was  available,  the  KL 
method.  The  phase-frequency  plot  identifies  appropriate  regions  for 
the  selection  of  data  points  for  fitting  and  enables  one  to  avoid  the 
study  of  waveguide  resonances.  The  two  methods  are  found  to  be 
in  excellent  agreement  except  for  the  low  Q  TMqi  i  mode.  As 
mentioned  before,  we  consider  this  to  be  due  to  the  fact  that  the 


Fig.  6  Phasefrequency  plot  for  the  prototype  B  factory  cavity. 
m=0  square  points.  m=l  x  points, 
ambiguous  (plotted  twice)  star  points. 

phase-frequency  formula  does  not  include  the  trapping 
phenomenon.  These  results  are  summarized  in  Table  II.  The 
waveguide  loaded  frequencies  Fi  for  the  trapped  modes  are  taken 
directly  from  the  MAFIA  results. 

Table  II.  Frequencies  and  Q's  for  the  Prototype  B 
Factory  Cavity 


Mode  type 

■  Fo 

Fl(KY) 

Fl(KL) 

Q(KY) 

Q(KL) 

(MHz) 

(MHz) 

(MHz) 

TMoio 

617.17 

610.94 

trapped 

TE,u 

711.61 

708.00 

trapped 

TMoii 

868.36 

<773.87 

trapped 

TMoii 

841-842 

840-845 

15-17 

24-35 

TMiio 

909.58 

906.7 

906.7 

55 

56 

TE210 

959.92 

956.9 

956.6 

56 

55 

TMui 

1027.22 

1021.3 

1021.4 

32 

31 

TM„2 

1073.44 

1073.0 

1073.7 

338 

336 

TMiis 

1090.53 

1090.0 

1090.0 

401 

411 

TMi,4 

1109.39 

1108.6 

1107.5 

300 

318 

unknown 

1163.15 

1162.0 

333 

(m=l) 

TheTMiin  modes  above  1070  MHz  are  associated  with  the 
sudden  opening  of  the  beam  pipe  to  propagation  in  the  TEn 
waveguide  mode  (cutoff  at  1064  MHz).  The  bulk  of  the  stored 
energy  as  well  as  the  extra  nodes  are  in  the  beam  pipe  for  all  three. 
An  experimental  investigation  of  this  cavity  has  been  carried  out  by 
Voelker  et  aH.  Absorbers  were  placed  in  the  beam  pipe  so  that 
agreement  with  computed  Q's  of  the  "beam  pipe"  modes  is  not 
expected.  Otherwise  reasonable  agreement  was  obtained. 

We  thank  T.  Higo  and  M.  Takao  for  providing  as  with  the 
MAFIA  generated  data  for  the  JLC  cavity,  and  X-T.  Lin  for 
assistance  with  the  graphics. 
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Abstract  Phase  11  Cavity  Structural  Design 


The  design  of  a  700  MeV  superconducting  compact  electron 
Storage  ring  for  applied  X-Ray  lithography  is  in  its  final  stage. 
This  succeeds  a  200  MeV  warm  dipole  model  constructed  and 
now  in  operation  at  BNL.  RF  cavities  and  systems  in  both 
machines  will  be  discussed.  This  paper  will  present  cavity 
design  parameters,  construction,  and  the  kind  of  mode 
suppression  as  welt  as  the  type  of  tuner  and  input  window  to 
provide  300  KV  of  accelerating  voltage  at  211.54  MHz.  A 
65KW,  RF  power  source  will  be  described. 

1.  INTRODUCTION 

Recent  interest  in  synchrotron  radiation  as  a  source  of 
X-rays  for  lithography  from  large  electron  storage  rings  has 
stimulated  the  design  of  rings  of  a  more  compact  size.  The  51 
meter  circumference  VUV  ring,  and  the  170  meter  X-ray  ring 
at  the  National  Synchrotron  Light  Source  (NSLS),  are  two 
examples  of  the  larger  storage  rings.  These  are  machines 
emitting  radiation  from  conventional  magnets  based  on  well 
established  engineering  technology. 

The  design  and  construction  of  an  8.5  meter  circumference 
Superconducting  X-Ray  Lithography  Source  (SXLS)  at  the 
NSLS  at  Brookhaven  was  funded  by  DARPA  in  1988,  in 
which  machine  building  technology  will  be  transferred  to  two 
companies  in  U.S.  industry,  the  Grununan  Aerospace  Corp. 
and  General  Dynamics. 

Phase  I  of  the  project,  a  200  MeV,  conventional  magnet 
machine  was  completed  in  the  fall  of  1990  and  has  been  in 
operation  since  then  for  low  energy  injection  studies  and 
machine  diagnostics.  A  low  level,  iOKW  RF  cavity'  and 
system  are  used  that  will  be  upgraded  to  a  65KW  system  for 
the  Phase  II,  700  MeV,  superconducting  machine.  The  Phase 
II  cavity  is  designed  and  will  be  described  below.  Some 
construction  details  and  operation  of  the  Phase  I  cavity  and 
system  will  also  be  discussw'. 


*Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy  under  contract  DE-AC02-76CH00016  and  funded 
by  DoD/DARPA. 
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The  overall  space  available,  both  axially  and  radially,  has 
remained  imchanged  compared  with  the  Phase  I  cavity,  but 
with  the  higher  input  power  required,  the  cavity  had  to  be 
designed  in  such  a  way  to  have  sufficient  surface  cooling  for 
manageable  heat  removal  and  still  maintain  adequate  capaci¬ 
tance  across  the  gap.  The  final  design,  shown  in  Fig.  1, 
consists  of  three  main  sections  joined  together  with  two 
circumferential  electron  beam  welds.  The  number  of  mechani¬ 
cal  joints  was  kept  to  a  minimum  in  order  not  to  compromise 
the  vacuum  integrity  and  Q  of  the  cavity. 


For  a  maximum  of  300  KV  gap  voltage,  the  total 
dissipated  power  was  calculated  to  be  27.5  KW  which  is 
distributed  on  the  inside  surfaces  of  the  cavity.  For 
adequate  cooling  and  maintaining  high  Q,  Oxygen  Free  High 
Conductivity  (OFHC)  copper  was  selected  as  the  base 


material.  A  series  of  rectangular  grooves  are  machined  over 
75  %  of  the  external  surfaces,  and  subsequently  copper  plated 
into  channels  by  an  electroforming  process. 

The  finite  element  program,  ANSYS,  was  used  to  optimize 
the  cooling  channel  configuration  on  the  structure.  An 
axisymetric  finite  element  analysis  was  carried  out  to  deter¬ 
mine  the  temperature  rise  and  the  thermal  plus  pressure 
deformation.  A  water  flow  rate  of  20  GPM  is  distributed 
through  several  parallel  c'’'iinn‘)ls  to  maintain  water  velocity  of 
10  Ft/sec,  which  yielded  a  convective  film  coefficient  of  1.4 
Watts/Cm^°C.  A  maximum  heat  load  of  27.5  KW  results  in 
a  temperature  gradient  causing  a  deformation,  mainly  across 
the  drift  tube,  by  0, 16  mm.  This  inward  displacement  reduces 
the  final  resonant  frequency  by  200  KHz  which  is  adjusted  for 
in  the  fabrication.  The  complete  cavity  assembly  with 
peripheral  equipment  installed  is  shown  in  Fig.  2. 
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Fig.  2 

A  commercial  heat/cool  refrigerating  pumping  systenj 
capable  of  maintaining  a  set  temperature  to  within  ±  1  ®t', 
provides  the  necessary  flow  rate  during  operation. 

'fhe  vacuum  window  for  the  drive  loop,  due  to  power 
restrictions,  will  be  a  standard  6  inch  coax  type  used  in  other 
cavities  at  the  NSLS.  Since  ihe  port  openings  in  the  cavity  are 
smaller,  a  half-wavelength  tapered  section  will  be  installed 
between  the  cavity  and  the  window. 

A  ferrite  frequency  tuner  has  been  ordered  to  use  in  the 
resonator  to  compensate  for  reactive  detuning.  A  53  MHz 
tuner  of  similar  design  is  currently  being  tested  at  this  facility. 

Muliipactoring  and  RF  Conditioning 

After  cleaning,  assembly,  and  vacuum  leak  checking,  the 
XLS  Phase  I  Cavity  was  baked  for  48  hours  at  150°  C  and 
upon  cooling,  RF  power  was  applied  to  condition  the  inner 
surfaces. 

The  XLS  cavity  had  multipactoring  levels  in  regions  of  1 W, 
15W,  600W,  1200W,  1700W,  2400W,  6000W  and  9000W 
that  were  difficult  to  condition  out.  It  was  decided  to  coat  the 


cavity  with  titanium  nitride  using  a  method  developed  at 
SLAC^  and  successfully  used  in  other  cavities  at  the  NSLS. 

Varian  ‘Ti-Balls’  were  placed  into  the  cavity  in  various 
positions  to  uniformly  distribute  a  100-200  angstrom  coating 
of  titanium/titanium  nitride  upon  the  inner  surfaces.  The  vessel 
was  evacuated  to  10"’  Torr  and  dry  Nitrogen  gas  leaked  in  to 
a  pressure  of  2-4x10'^  T.  The  Ti-Balls  are  heated  for  a  specific 
time  followed  by  a  2  hour  nitrogen  soak  for  more  nitride 
conversion,  before  removal. 

After  this  process,  the  cavity  was  RF  conditioned  and  only 
the  IW  multipactoring  level  remained.  It  should  be  noted  that 
the  vessel  was  cycled  several  times  to  dry  nitrogen  and  to  air, 
and  after  evacuation  each  time,  the  surfaces  remained  condi¬ 
tioned.  The  SXLS  Phase  Two  Cavity  will  be  prepared  in  the 
same  fashion. 

Higher  Order  Mode  Suppression 

Phase  I  cavity  high  order  modes  were  damped  using  four 
damping  antennae  and  two  shorted  loops.  The  damping 
antennae  couple  power  out  to  50  ohm  water  cooled  loads.  The 
cavity  is  a  quarter  wave  T.E.M.  resonator,  capacitively  loaded 
with  a  removable  drift  tube. 

Mode  damping  was  accomplished  by  first  measuring  the 
cavity  spectra  as  a  reference.  Field  plots  from  both  URMEL 
and  SUPERFISH  were  studied  for  high  E  field  patterns  of  the 
undesirable  modes.  Model  probes  loaded  with  50  ohm 
terminators  were  placed  in  available  ports  to  penetrate  regions 


of  high  field  density.  The  length  of  eaeh  probe  was  adjusted 
for  maximum  mode  attenuation.  Care  was  taken  to  avoid 
coupling  to  the  fundamental.  A  dipole  mode  at  600Mhz  was 
damped  with  two  shorted  loops  installed  at  ports  located  90° 
apart.  The  adjustable  shorts  were  positioned  for  maximum 
damping  and  then  locked  into  place.  The  results  of  damping 
the  dipole  and  monopole  modes  are  shown  in  Fig.  3. 
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For  the  Phase  II  Cavity,  a  broadband  mode  damper  was 
developed  using  a  wave  guide  as  a  high  pass  filter.  The 
waveguide  design  chosen  is  a  capacitively  "T"  loaded  wave 
guide  which  reduces  the  waveguide  dimensions  to  be  compati¬ 
ble  with  the  cavity  port  dimensions.  The  cutoff  frequency  of 
300  MHz  presents  good  isolation  of  the  fundamental  and  a 
reasonable  guide  wavelength  for  an  overall  broadband  termina¬ 
tion.  Fig.  4a  shows  the  SUPERFISH  field  plot  of  the  wave¬ 
guide  at  cutoff. 

Several  terminations  were  tried  on  the  waveguide:  simple 
resistors  in  parallel  across  the  gap,  and  two  different  taper 
lengths  of  ferrite  loaded  rubber.  A  ‘discrete’  slotted  line  was 
developed  by  drilling  probe  holes  along  the  length  of  the 
waveguide  and  measuring  the  standing  wave.  The  8  inch  taper 
was  chosen  (see  Fig.  4c)  as  a  result  of  these  measurements. 
It  is  believed  that  the  increase  in  VSWR  at  2518  MHz  is  a 
result  of  a  higher  order  mode  propagating  in  the  waveguide, 
with  a  cutoff  frequency  of  2426  MHz,  which  is  not  properly 
terminated.  The  final  design  will  include  absorber  material 
placed  to  attenuate  this  mode. 


1  MONOPOLES 

DIPOLES  1 
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Aitenualion 

FREQUENCY 
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(OB) 
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(dB) 

214 

0.18 

620 

75 
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17 
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65 
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5 

2515 
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15 
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5 
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5 
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Both  vt-avcKiiiiles  were  lermlnated  with  an  8  Inch  ferrite  taper  and  aperture 
coupled  using  ‘duckbiU*  eiteoslom  of  approximately  2.5  X  3.5  inches.  lYre 
ntnge  extension  was  angled  it  30  to  45  detreci,  T-cxI  at  45  degrees. 
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A  4KW.  solid-state  amplifier  drives  power  into  the  final 
stage  powered  by  a  water-cooled  Eimac  4CW1(X),000E 
tetrode,  fitted  into  a  custom  resonator.  The  complete  system 
is  being  manufactured  by  the  QEl  Corporation,  Williamstown, 
N.J.  as  per  NSLS  specifications. 

Conclusions 


(A)  END  view  HITtl  E-rlELO  waveguide  HOMS 

Fig.  4 

The  coupling  was  arrived  at  empirically,  by  optimizing  the 
attenuation  of  monopole  modes  with  a  single  waveguide. 
Aperture  coupling  was  the  most  successful  and  was  optimized 
by  extending  the  top  and  bottom  surfaces  of  the  waveguide  gap 
into  the  cavity  then  tapering  them  to  intercept  more  field, 
much  like  a  parallel  plate  tapered  horn,  as  shown  in  Fig.  4b. 

Two  aperture  coupled  waveguides  were  installed  orthogon¬ 
ally  to  each  other  and  tested  on  a  low  power  test  cavity.  The 
results  are  shown  in  Table  I.  In  the  final  design,  the  rubber- 
based  ferrite  absorber  will  be  replaced  with  a  vacuum  compati¬ 
ble  ferrite  material. 


The  Phase  I  facility  has  operated  with  circulating  beam  in 
excess  of  1  ampere  at  200  MeV,  and  consistently  runs  with 
currents  of  600  mA.  Injection  studies  are  also  being  done  at 
80  MeV  and  at  120  MeV.  The  Phase  II  cavity  and  RF  power 
assembly  should  be  ready  for  assembly  and  test  in  about  one 
year. 
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RF  System  and  Control 

A  single  65  KW,  21 1.54  MHz  RF  power  amplifier  system 
is  required  to  supply  power  to  the  cavity  field  gradient  and  for 
beam  loading.  The  system  will  have  amplitude  and  phase 
control  as  well  as  1  MHz  of  resonator  tuning  to  compensate 
for  the  reactive  loading  of  0.5  amps  of  beam  current. 

All  setpoints  and  monitors  will  be  computer  controlled 
through  a  ‘^'MAC  interface  chassis  dnven  by  HP  work¬ 
stations^.  Two  custom  boards  will  contain  the  phase,  ampli¬ 
tude  and  tuner  controllers. 
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Abstract 

The  Linear  Accelerator  (Linac)  in  the  Advanced  Light  Source 
(ALS)  is  designed  to  provide  either  single  or  multiple  bunchers 
of  50  MeV  electrons  for  the  booster  synchrotron.  Three  cavities 
are  used  in  the  Linac  for  electron  bunching.  The  two  subharmonic 
bunching  cavities  operate  at  124.914  MHz  and  499.654  MHz 
respectively.  The  S  Band  buncher  operates  at  2.997924  GHz. 
The  low  level  RF  system  includes  a  master  signal  source,  RF 
burst  generators,  signal  phase  control,  timing  uigger  generators 
and  a  water  temperature  control  system.  The  design  and  perfor¬ 
mance  of  the  system  will  be  described. 

I.  Introduction 

The  Linear  Accelerator  of  the  ALS  is  used  to  provide  single 
or  multiple  bunches  of  50  MeV  electrons  for  the  booster  synchro¬ 
tron.  Figure  1  shows  the  major  components  of  the  ALS  Linac. 
The  electron  gun  serves  as  the  source  of  the  electrons.  A  series 
of  up  to  19  micro  electron  bunches  or  a  single  macroelectron 
bunch  is  initiated  by  pulsing  the  cathode  or  gating  the  grid  of  the 
electron  gun,  respectively.  The  cathode  of  the  gun  is  being  pulsed 
by  124.914  MHz  pulses  which  arc  derived  from  the  499.654 
MHz  Master  Oscillator.  The  electron  bunches  exiting  the  gun 


and  entering  the  124.914  MHz  bunchcr[l]  has  a  width  of  2.5  ns. 
The  first  buncher  compresses  the  2.5  ns  bunch  to  a  width  of  800 
ps.  The  499.654  MHz  buncher[l]  further  compresses  the  elec¬ 
tron  bunch  to  a  width  of  200  ps.  After  the  7th  gap  of  the  S  Band 
buncher[2]  the  electron  bunch  attains  a  width  of  20  ps.  Input/ 
Output  ports  have  been  provided  for  in  all  subsystems  for  the 
ALS  Intelligent  Local  Controller  (ILC)  in  the  ALS  ConU'ol 
System[3)  to  take  control  of  most  of  the  functions  when  required. 
Local  controls  on  all  functions  arc  provided. 

II.  System  Design  and  Operation 

The  499.654  MHz  master  oscillator[4]  is  composed  of  two 
individual  oscillators.  One  is  a  temperature  compensated  crystal 
oscillator  (TCXO)  and  the  other  is  a  oven  controllcd/voltagc 
controlled  crystal  oscillator  (OC/VCXO).  The  OC/VCXO  pro¬ 
vides  a  signal  tunable  through  a  range  of +/- 1 00  Khz  via  the  local 
control  or  through  the  ILC  to  facilitate  various  physics  investiga¬ 
tors.  Nine  signal  distribution  amplifiers  each  producing  1 W  arc 
used  to  distribute  the  master  oscillator  signal  to  wherever  it  is 
needed. 

A  6X  multiplier  converts  the  master  oscillator  signal  to 
2997.924  MHz  for  the  S-Band  RF  system  whereas  a  divider 
converts  the  master  signal  to  124.914  MHz  for  the  first 


Figure  1 .  Block  Diagram  of  the  ALS  Linac  RF  System 
U.S.  Government  work  not  protected  by  U.S.  Copyright  ^ 


subharmonic  buncher  RF  system  as  well  as  for  the  Gun  pulsing 
and  the  ALS  Timing  System. 

The  Linac  RF  system  operates  in  the  pulse  mode.  The  pulsing 
frequency  is  10  pulses  per  second.  Only  one  of  these  pulses 
interacts  with  electron  bunches,  the  other  9  pulses  are  used  for 
calibration  and  tuning  purposes.  Three  RF  burst  generators  are 
used  to  drive  two  subharmonic  bunchers,  the  S-Band  buncher 
and  two  Linac  guides.  Phase  adjustments  and  phase  loops  have 
been  implemented  in  the  designs  to  insure  proper  bunching  and 
compensating  for  detuning  due  to  various  factors.  The  two 
subharmonic  bunchers  are  pulsed  on  for  20  ptS  whereas  the  S- 
Band  buncher  and  the  two  Linac  guides  are  pulsed  on  for  1 .5  pS. 

The  Linac  operates  at  a  temperature  of  40  degree  C.  The 
water  tempera'ure  is  precisely  controlled  to  within  1  degree  by  a 
Water  Tern:  •  ure  Controller  which  compares  the  sensor  signal 
with  a  star  ,cd  voltage  reference.  The  bipolar  error  signal  is 
processed  by  two  polarized  amplifiers;  one  for  heating  and  one 
for  cooling.  The  error  signal  is  also  available  to  the  ILC.  The 
ALS  Linac  only  requires  heating,  therefore  the  cooling  part  of  the 
device  is  not  used.  TheheatingcontroloutputrangeisOto+10  V 
which  is  the  input  requirement  of  the  SCR  heater  supply.  The 
temperature  can  be  set  either  locally  or  via  the  ILC. 

In  the  two  subharmonic  buncher  systems,  the  outputs  from 
the  RF  burst  generators  drive  the  high  power  amplifiers  which 
follow,  producing  20  KW  and  15  KW  for  the  124.914  MHz  and 
the  499.654  MHz  systems  respectivvly .  Due  to  the  low  Q  design 
of  the  buncher  cavities,  a  phase  control  loop  is  probably  not 
necessary  and  has  not  been  implemented  at  this  time. 

In  the  S'Band  system,  the  output  of  the  6X  multiplier  drives 
theSLACsolidstatcampliftcr(5].  The  RF  gate  is  set  at  8  pS.  The 
first  5-6  pS  allows  the  phase  of  the  output  signal  to  stabilize 
before  the  Klystron  amplifier  is  pulsed  on.  A  fast  response  phase 
shifter  is  built  into  the  SLAC  solid  state  amplifier  to  perform 
internal  phase  stabilization[5].  The  same  phase  shifter  is  also 
used  for  beam  loading  compcnsation[6]  in  the  ALS. 

It  is  important  to  keep  the  phase  relationship  between  the  RF 
signal  and  the  electron  bunch(cs)  at  a  proper  constant  for  maxi¬ 
mum  bunching  effect.  Besides  the  manual  or  ILC  adjustable 
phase  shifters,  provision  for  a  phase  servo  loop  has  been  set  up 
to  minimize  the  phase  change  from  pulse  to  pulse.  Figure  2 
shows  ti  e  functional  block  diagram  of  the  Signal  Processor.  The 
phase  error  signal  is  derived  from  the  SLAC  Phase  and  Ampli¬ 
tude  Detector[7].  At  the  moment  when  all  signal  phases  have 
stabilized  within  the  1.5  jtS  S-Band  RF  burst,  a  sample  of  the 
phase  error  is  taken,  digitized  and  converted  to  a  dc  error  voltage 
of  the  opposite  sign.  The  voltage  is  fed  back  to  the  loop  phase 
shifter  and  correct  the  phase  for  the  next  RF  pulse.  Since  the 
transfer  function  of  the  phase  and  control  voltage  is  not  perfectly 
linear,  the  effectiveness  of  this  concept  still  needs  to  be  evalu¬ 
ated.  The  sampling  of  the  phase  error  signal  is  only  taken  when 
there  is  no  electron  bunch  to  interact  with  the  RF  pulse.  Output 
of  the  phase  enor  signal  and  input  for  the  phase  correction  toand 
from  the  ILC  have  been  provided  for  possible  future  computer 
control  of  the  phase  loop. 
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Figure  3.  Timing  Diagram  of  the  ALS  Low  Power  RF  System 


III.  Timing  Operation  of  the  System 

Figure  3  shows  the  timing  operation  of  the  Linac  RF  system. 
The  sequence  starts  with  a  master  trigger  pulse,  which  either 
comes  from  the  synchronized  trigger  generator  in  the  Linac  test 
phase  or  from  the  ALS  Timing  System  in  final  operation.  The 
master  uigger  pulse  is  then  distributed  via  the  Master  Trigger  Fan 
Out  Module.  The  output  trigger  pulses  arc  used  to  trigger  the  125 
MHz  and  500  MHz  buncher  driver  witli  each  RF  gate  lasting 
20  |iS.  Another  trigger  pulse  is  used  to  initiate  the  1 1  pS  delay 


trigger  for  the  S-Band  soUd  state  amplifier,  which  is  gated  on  for 
8  pS.  The  Solid  State  Amplifier  has  an  inherent  delay  and  takes 
atbtalofO.S^SfortheRFtore-achflattop.  Ittakesanother4.7  pS 
for  the  signal  phase  to  stabilize;  a  total  ofS.SpStore^chthc  phase 
stabilized  region. 

The  solid  state  amplifier  trigger  starts  two  other  delay  trig¬ 
gers;  one  is  the  Klystron  trigger  which  has  a  delay  of  3.S  pS  and 
the  other  one  is  the  signal  processing  hold  trigger,  which  has  a 
S.S  pS  delay.  From  the  time  the  Klystron  amplifier  is  triggered 
to  mid  way  of  the  flat  top  portion  of  the  Klystron  RFpulse,  it  takes 
2  pS.  Therefore  at  the  flat  top  portion  of  the  Klystron  RF  gate, 
the  SolidState  Amplifier  is  also  in  the  phase  siabilizcdrcgion.  At 
this  time,  16.S  pS  after  the  Master  trigger,  the  Gun  pulse  arrives 
at  the  Linac.  Also  at  this  time  when  there  is  no  Gun  pulse,  that 
is  9  out  of !  0  pulses,  the  signal  processing  hold  trigger  is  initiated 
to  sample  the  phase  error  of  the  system.  SOO  nS  after  the  signal 
processing  hold  trigger,  the  ADC  start  convert  trigger  is  started 
and  S.S  pS  after  that,  the  DAC  convert  trigger  is  initiated.  The 
output  of  the  Signal  Processing  Module  is  a  dc  signm  whose  level 
corresponds  to  the  phase  error  of  the  S-Band  system.  A  dc  signal 
with  the  opposite  sign  is  send  to  the  loor  phase  shifter  correcting 
the  phase  for  the  next  RF  pulse.  The  accuracy  of  the  correction 
depends  dh  the  linearity  of  the  transfer  function  of  the  phase  and 
control  voltage  of  the  phase  shifter. 

A  Gun  pre-trigger  signs*  from  the  Timing  System  is  present 
whenever  a  gun  pulse  is  expected.  This  pre-trigger  pulse  is  used 
to  start  a  20  pS  gate  which  inhibits  the  sampling  of  the  phase  error 
wheneverbeam  loading  is  expected.  This20pS  gatealsoenabics 
'1  Fast  Phase  Pulse  which  is  necessary  to  compensate  for  the  beam 
loading  effect  on  the  accelerator  RF.  The  timing,  the  width,  and 
the  amplitude  of  the  Fast  Phase  Pulse  are  adjusted  to  obtain  the 
bc.'it  results  in  beam  loading  compensation.  This  signal  is  sent  to 
the  fast  phase  shifter  in  the  front '  -  J  of  the  solid  State  Ampliflcr 
to  change  tlio  phase  of  the  RF  signal  to  perform  this  task. 

IV.  Conclusions 

The  design  and  operation  o'"  the  low  power  RF  system  for 
ALS  Linac  have  been  presented  A  total  of  niore  than  JO  pieces 
of  electronics  components  have  been  fabricated  to  build  the 
system.  In  the  S-Band  system,  the  phase  shifters,  the  phase  and 
amplitude  detector  and  the  solid  slate  ampliflcr  arc  built  by 
SLAC.  The  Linac  produced  the  first  beam  'n  February  1991  in 
the  trial  run.  A  SO  MeV  beam  was  obtained  as  monitored  by  a 
Faraday  Cup  at  end  of  the  Linac  in  March  1991.  Thclowpower 
RF  systenri  clecmonics  components,  however,  have  been  running 
since  November  of  1990  without  any  problr  '•  Operating 
experience  still  have  to  be  acquired  to  evaluate  U. .  effectiveness 
of  the  phase  loop  servo  in  the  S-Band  system. 
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Abstract 


A  92  MHz  auxiliary  accelerating  cavity  has  been  in¬ 
stalled  in  the  TRIUMF  cyclotron.  It  operates  at  the  fourth 
harmonic  of  the  dee  frequency  with  a  planned  peak  voltage 
of  150  kV.  At  full  power  it  will  almost  double  the  present 
energy  gain  per  turn  in  the  400-500  MeV  range,  reducing 
by  25%  the  stripping  loss  of  the  H“  beam.  Low  current 
beam  tests  have  been  conducted  at  voltages  of  up  to  90  kV 
and  a  maximum  voltage  of  145  kV  has  been  attained.  The 
cavity  has  also  been  used  to  flattop  the  integrated  energy 
gain  per  turn.  A  description  of  the  cavity  design  and  a 
summary  of  the  operating  experience  is  given. 

I.  Introduction 

The  500  MeV  TRIUMF  cyclotron  routinely  accelerates 
150  ftA.  of  II~  ions.  Electromagnetic  stripping,  rising 
rapidly  from  400  MeV,  is  responsible  for  ~l/2  of  the  to¬ 
tal  particle  losses  and  '»2/3  of  the  total  activation  of  the 
cyclotron.  The  use  of  additional  .‘accelerating  cavities  was 
suggested  as  early  as  1983  [I],  primarily  to  aid  in  improving 
the  extraction  efficiency  for  H"  extraction  for  injection  into 
a  KAON  Factory  (2).  However,  even  after  another  method 
of  improving  extraction  efficiency  was  chosen  (3),  the  in¬ 
creased  energy  gain  per  t;irn  and  consequent  reduction  in 
the  number  of  turns,  hence  losses,  in  the  outer  radial  re¬ 
gion  were  sufficient  motivation  to  design,  manufacture  and 
install  one  cavity. 

The  cavity  operates  at  the  fourth  harmonic  (92.24  MHz) 
of  the  main  rf  fre  |uency  and  consists  of  a  trapezoid  of  di¬ 
mension  A/4  radially  and  pX/2  azimuthally,  so  that  tlie 
orbiting  ion  receives  two  acceleration  impulses  on  each 
passage  (Fig.  1).  The  peak  accelerating  voltage  rises  sinu¬ 
soidally  with  radius,  covering  the  energy  range  from  370- 
520  MeV.  The  maximum  energy  gain  per  turn  will  increase 
from  the  present  320  keV  to  620  keV. 


Figure  1;  Schematic  view  of  the  cavity. 


II.  Cavity  and  Amplifier  Design 

The  cavity  has  been  described  elsewhere  [4].  Briefly,  it 
consists  of  two  halves  (Fig.  2),  placed  above  and  below  the 
beam  plane,  separated  by  64  mm  and  mounted  indepen¬ 
dently  from  the  vacuum  chamber  floor  and  lid  to  minimize 
activation.  All  conducting  walls  defining  the  rf  boundaries 
are  made  from  1 .6  mm  thick  OFHC  Cu  sheets  with  most 
seams  TIG  welded,  and  then  brazed  together.  The  can¬ 
tilevered  hot  arm  is  exceptionally  stiff  (~220  N/mm)  to 
minimize  tip  vibrations  (2.7  /im  p-p  ®  20  Hz).  Cooling 
circuits  were  designed  to  limit  the  temperature  rise  from 
the  skin  losses  (up  to  8.5  W/cm*)  to  below  25“C.  Coarse 
frequency  adjustment  is  done  on  assembly  by  shimming  the 
hot  arm  to  ground  arm  distance.  Fine  tuning  is  provided  by 
a  water  cooled,  hinged  flap,  built  into  each  ground  arm,  ac¬ 
tuated  through  a  zero  backlash  linkage  system.  Each  cavity 
half  can  be  remotely  installed  in  ~20  min. 
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Figure  2:  Cross  section  of  the  lower  cavity  half. 
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The  water  cooled  coupling  loop  is  connected  to  a  6  inch 
transmission  line  of  adjustable  length  via  a  smooth  tran¬ 
sition  section.  A  single  tetrode  power  amplifier  can  deliver 
160  k^,  well  in  excess  of  the  power  required  (~120  kW) 
for  a  voltage  of  150  kV  and  a  200  beam. 

Ill;  Low  Level  RF  and  Control  System 

A  block  diagram  of  the  control  system  is  shown  in  Fig.  3. 
The  cavity  voltage,  sampled  by  a  capacitive  probe,  is  de 
modulated  by  a  temperature-compensated  diode  deU 
tor,  and  feedback  regulated  by  a  Proportional-Integi , 
Derivation  (PID)  controller,  resulting  in  a  stability  of  b< 
ter  than  0.5%.  The  phase  is  regulated  to  better  than  I 
by  a  40  dB  dynamic  range  phase  detector  and  another 
Pib  controller.  The  gain  and  frequency  parameters  of  the 
PID  controllers  are  programmable  through  a  dedicated  mi¬ 
croprocessor  embedded  in  a  VME  crate.  This  enables  the 
feedback  parameters  to  be  changed  in  response  to  eventual 
gain  variations.  The  microprocessor  also  handles  automatic 
power-up  sequencing,  system  status  monitoring,  and  local 
display/control,  and  in  addition,  communicates  with  the 
cyclotron  ceni,ral  control  system  through  ethernet. 

The  92  MHz  rf  for  the  cavity  is  generated  from  a  phase- 
locked  loop  (PLL)  referenced  to  the  23  MHz  signal  from 
the  cyclotron  dee  gap.  The  PLL  output  signal  is  four  times 
the  frequency  of  the  input  reference,  with  a  phase  noise 
level  less  than  -60  dBc  at  10  kHz  from  the  carrier.  This 
output  is  split  into  two  parts:  one  is  used  as  the  phase 
reference;  the  other  is  amplitude  and  phase  modulated  be¬ 
fore  it  is  used  to  drive  the  power  amplifier  chain.  A  digital 
frequency-hold/pull-in  circuit  enables  tire  PLL  to  hold  its 
frequency  indefinitely  when  the  reference  signal  is  absent. 
This  r.‘’ow8  the  cavity  to  maintain  thermal  equilibrium 
even  when  the  cyclotron  rf  is  turned  off.  If  the  reference  sig- 


Figure  3:  A  block  diagram  of  the  control  $ysten\. 


nal  returns  at  a  frequency  different  from  the  previous  set¬ 
ting,  the  capture  process  in  the  PLL  is  deliberately  slowed 
down  to  enable  the  tuning  mechanism  in  the  cavity  to  fol¬ 
low  the  frequency  drift  until  the  error  is  less  than  10  kHz. 
The  phase  loop  is  then  closed,  and  the  output  frequency 
locked  to  the  reference. 

The  signal  for  the  cavity  tuning  flaps  comes  from  an  in¬ 
dependent  servo  loop  which  compares  the  phase  difference 
between  the  rf  field  at  the  cavity  accelerating  gap  and  at 
the  coupling  loop,  and  activates  a  pair  of  flap  drives  to 
maintain  the  phase  difference  at  90®.  The  servo  loop  is  dis- 
bled  by  an  additional  circuit  when  the  cavity  voltage  is 
1  !'low  the  multipactoring  level. 

IV.  Commissioning 

The  cavity  was  pre-commissioned  outside  the  cyclotron 
in  an  auxiliary  vacuum  vessel.  Signal  level  measurements 
using  an  HP  network  analyzer  and  on-line  modelling  us¬ 
ing  a  computer  code,  NODE  [5],  provided  significant  time 
saving  in  the  pre-commissioning  phase. 

Installation  of  prototypes  in  the  cyclotron  and  initial 
high  power  testing  can  only  be  done  during  the  scheduled 
shutdowns  that  occur  twice  a  year.  The  cavity  was  installed 
in  April  1990,  and  a  voltage  of  100  kV  was  achieved  in  sev¬ 
eral  hours.  Pressure  excursions  in  the  cyclotron,  probably 
due  to  rf  heating,  stopped  the  first  commissioning  phase 
at  this  point. 

In  the  second  commissioning  session  in  October  1990, 
145  kV  was  achieved,  but  later  a  failure  in  the  high  voltage 
vacuum  feedthrough  caused  a  premature  curtailment  of  the 
test.  During  the  repair  of  the  feedthrough  it  was  also  noted 
that  rf  energy,  leaking  out  of  the  cavity,  had  damaged  a 
beam  diagnostic  p.obe  a  few  metres  away. 

In  subsequent  tests  the  control  system  was  successfully 
commissioned.  In  the  latest  shutdown  m  April  1991,  top- 
bottom  telescopic  shorting  contacts  were  added  to  the  cav¬ 
ity  outside  the  520  MeV  beam  orbit,  to  help  reduce  the 
rf  leakage.  Further  commissioning  will  commence  imme¬ 
diately  after  this  conference  and  it  is  expected  that  the 
design  voltage  will  be  achieved  at  this  time. 

V.  Beam  Tests 

The  first  tests  with  beam  were  done  during  the  initial 
commissioning.  The  beam  induced  voltage  in  the  cavity, 
while  tuned  to  the  resonant  frequency  but  not  energized, 
was  10  kV  with  100  /iA  circulating.  Detuning  the  cavity  by 
200  kHz  reduced  the  induced  voltage  to  3%  of  the  above 
value.  The  cavity  was  then  energized  to  90  kV  and  a  se¬ 
ries  of  measurements  were  taken  with  circulating  currents 
of  low  intensity.  In  Fig.  4  time-of-flight  (TOF)  measure¬ 
ments  of  the  beam  through  the  cyclotron  are  summarized 
and  compared  with  results  from  computer  simulations.  The 
measurements  show  that,  even  at  90  kV,  reductions  of 
~20  psec  or  ~100  turns  are  possible,  depending  on  the 
isochronism  and  beam  phase  width,  and  at  150  kV  a  re¬ 
duction  of  140  turns  is  expected.  This  would  reduce  the 
activation  from  electro-magnetic  stripping  by  ~35%. 
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CAVITY  VOLTAGE  (kV) 

Figure  <1:  The  reduction  in  the  measured  time-of>(]ight  (TOP)  of  the 
beam  through  the  cyclotron  to  SOO  MeV  for  various  cavity  voltages 
is  compared  to  the  results  of  a  computer  simulation  using  the  matrix 
code  COMA  [6].  The  reduction  in  number  of  turns  is  also  shown. 
(Without  the  cavity  the  beam  makes  <v400  turns  in  the  cavity  region.) 


Lower  voltages  were  used  to  investigate  the  use  of  the 
cavity  in  flattopping  the  energy  gain  per  turn.  In  an 
isoclironous  cyclotron  the  TOF  is  dependent  on  the  en¬ 
ergy  gain  per  turn  and  the  degree  to  which  the  magnetic 
field  is  isochronous.  The  time-variation  of  the  fundamental 
accelerating  field  is  responsible  for  a  cosine-like  phase  de¬ 
pendence  in  the  energy  gain  per  turn,  and  hence  the  TOF 
is  also  affected.  This  variation  in  the  TOF  with  phase  can 
be  reduced  substantially,  producing  a  flattopping  effect, 
by  adding  a  higher  harmonic  cavity  opposed  to  the  funda¬ 
mental.  The  higher  the  harmonic  number  of  the  cavity,  the 
narrower  would  be  the  resultant  flattop.  The  cavity  volt¬ 
age  determines  the  number  of  turns  through  the  cavity 
necessary  to  reach  the  optimum  flattop  condition. 

For  the  test  the  initial  beam  phase  width  (23  MHz)  was 
reduced  from  the  nominal  30®  used  for  high  current  oper- 


Figure  5:  Measured  TOF  values  to  500  MeV  as  a  function  of  the 
initial  phase  for  three  different  cavity  settings,  0  kV,  36  kV  and  48  kV, 
with  the  cavity  phased  to  oppose  tlie  fundamental.  Smooth  curves 
are  plotted  througli  the  experimental  data  pomits. 


Figure  6;  Measured  then  smoothed  TOF  curves  for  four  different 
enerpes  as  a  function  of  initial  phase  for  cavity  off  (dashed  curve) 
and  cavity  on  at  47  kV  (solid  curve).  The  cavity  was  phased  to  give 
the  best  flattop  at  466  MeV. 

ation,  to  5®  by  inserting  radial  slits  in  the  centre  region. 
The  position  of  the  phase-band  with  respect  to  the  accel¬ 
erating  Held  was  then  altered  by  scanning  the  rf  frequency, 
and  the  TOF  was  recorded.  In  Fig.  5  the  measured  TOF 
values  to  500  MeV  are  plotted  as  a  function  of  initial  phase 
for  various  cavity  voltages.  At  36  kV  (*n  optimal  flattop  oc¬ 
curs  over  a  phase  range  of  ~30®.  Tl.  lightly  asymmetric 
result  at  48  kV  shows  the  effect  of  the  cavity  field  being 
slightly  out  of  phase  with  respect  to  the  fundamental,  prior 
to  optimization. 

The  cavity  was  then  powered  to  47  .kV  and  phased  to 
give  the  optimum  TOF  flattop  at  an  energy  of  466  MeV. 
At  this  setting  the  TOFs  to  various  other  energies  were 
also  recorded  (Fig.  6).  Cavity  on  results  are  compared  with 
the  corresponding  cavity  off  data.  The  figure  shows  how 
the  cumulative  effects  of  the  opposing  cavity  field  produce 
optimal  flattopping  at  only  one  energy.  The  variations  in 
the  phase  of  the  minimum  TOF  are  due  to  radial  variations 
in  the  cyclotron  isochronism. 
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^  Abs&act 

The  CONDOR  code  is  used  to  simulate  the  cold  test 
and'i^e  bMin*ihduced  microwave  ampliiication  of  an  11.4- 
GH^  six-^^U,  disk-load^,  traveling  wave  cavity.  Cold  test 
isimdiatipn  results  are  in  agreement  with  a  modified  Slater’s 
thMiy.  l^q^r  attraction  at  the  output  port  is  calculated  by 
iauriching  a  train  of  Gaussian  electron  bunches  through  the 
structure.  Results  are  consistent  with  recent  relativistic 
klystron  experiments  using  a  similar  TW  output  cavity.  It 
is  further  shown  that,  depending  on  operating  beam 
parameters,  the  power  extraction  efTiciency  can  be  maxi¬ 
mized  by  ihodincation  of  various  cells  in  the  TW  structure. 

Introduction 

Recently  there  has  been  a  resurgent  interest  in  the 
traveling  wave  (TW)  amplifier  as  an  output  power  extractor 
for  high-power  klystrons.  One  reason  is  that  the  peak 
electric  Helds  at  the  gaps  are  lower  for  multiple  cavities, 
thereby  mitigating  the  possibility  of  breakdown  and  other 
anomalous  beam  loading  at  the  output  gap  of  high-power 
devices.  Recent  experiments  by  a  SLAC/LLNULBL 
collaboration*  generated  over  300  MW  of  microwave  power 
using  an  11.4-GHz  traveling  wave  ampUHer  driven  by 
relativistic  electron  bunches  from  an  induction  linac.  The 
experimental  work  was  aimed  to  investigate  the  relativistic 
klystron  concept  as  a  high  power  microwave  source  for 
future  hig'i  gradient  accelerators.  A  six-cell,  traveling  wave 
(TW),  2ff/3  disk-loaded  suuciure^  was  used  as  a  power 
extractor.  With  this  output  cavity  a  threefold  power  en¬ 
hancement  over  a  standing  wave  cavity  used  in  previous 
experiments  was  observed  without  any  pulse  shortening. 
The  TW  structure  was  able  to  achieve  power  levels  of 
about  300  MW  with  a  beam  of  1.3  MeV  of  kinetic  energy 
and  600  A  of  current. 

This  paper  reports  on  an  effort  to  numerically  simu¬ 
late  the  cold  test  and  the  beam-induced  high  power  micro- 
wave  aroplifleation  of  TW  ouput  cavities  using  the  CON¬ 
DOR  program.  The  CONDOR  code  is  a  self-consistent. 


Fig.  I  Six-cell  TW  structure  model 
0-7803-0135-8/91501 .00  ©IEEE 


2-1/2  dimensional  electromagnetic  and  particle  time-domain 
simulation  code.  It  has  the  capability  of  utilizing  external 
ports  for  driving  or  extracting  electromagnetic  radiation 
from  an  rf  structure.  Results  of  the  simulations  are 
compared  with  theories  and  experiments. 

Condor  Simulation 

A  six-cell  TW  cavity  described  in  Figure  1  is  used  as 
the  basic  structure  for  simulation.  The  cavity  diameter  is 
2.5  cm  and  the  iris  diameter  is  1.5  cm.  The  disk  thickness 
is  0,15  cm.  The  total  cavity  length  is  4.65  cm.  These 
dimensions  are  close,  though  not  exactly  the  same  as  the 
cavity  in  references  1  and  2.  They  are  conveniently  chosen 
for  this  study  so  that  the  boundaries  of  the  cells  coincide 
with  the  mesh  lines  in  a  model  of  moderate  size.  An 
axisymmetric  output  port  is  opened  in  the  last  cell  to 
extract  rf  power  from  the  structure.  The  aperture  of  the 
output  port  is  critically  coupled  to  the  last  cell.  This  is 
done  by  launching  an  11.4-GHz  rf  wave  through  the 
structure,  and  adjusting  the  output  aperture  dimensions 
until  reflections  into  the  last  cell  are  eliminated.  Using  this 
cold  test  simulation  technique,  we  study  the  axial  electric 
Held  behavior  along  the  cavity.  Figure  2  is  a  ’snapshot’  of 
the  Ej  field  at  steady  state.  The  average  wavelength  is  2.91 
cm,  leading  to  an  average  phase  velocity  of  1.1  Ic.  The  cou¬ 
pling  of  the  cavity  to  the  external  port  results  in  a  tapering 
of  the  rf  phase  velocity  from  about  0.97c  at  the  first  cavity 
to  about  1.24c  at  the  output  port.  No  attempt  was  made  to 
optimize  the  phase  velocities  to  synchronize  with  the 
electron  velocity  for  maximum  power  extraction. 


Fig.  2  Axial  electric  field  at  6.5  nanoseconds 

An  important  parameter  which  characterize  any  TW 
structure  is  the  interaction  impedance  defined  by  Zs 
Ej^/(K^P),  where  K  is  the  wavenumber  and  P  is  the  power 
flow  through  the  structure.  The  interaction  impedance  vs. 
axial  length  is  plotted  in  Figure  3.  It  is  seen  that  the 
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imp^ahce  of  the  first  cell  is  about  1/6  of  the  adjacent  cells, 
impiiying  a  relatively  low  contribution  of  this  ceil  to  the 
pyeraii  power.  The  impedance  of  the  last  cell  is  expected 
to  be  low  as  the  electric  fields  decay  towards  the  output 
^fi  (see  Figure  2). 


Fig.  3  Interaction  impedance  for  6-cell  TW  cavity 

Introduction  of  beam  loading  into  the  rf  structure  is 
done  by  launching  a  fully  bunched  Gaussian  beam  with 
temporal  width  of  0.12ST,  where  T  is  the  rf  period.  The 
beam  assumes  a  Maxwellian  energy  distribution  of  one 
percent  around  1.2  MeV  of  kinetic  energy.  Figure  4 
describes  the  electromagnetic  spectrum  of  the  output  power 
for  the  case  of  300  A  of  rf  current.  A  second  harmonic 
signal  of  8  dB  below  fundamental  (and  a  third  harmonic) 
is  observed.  These  harmonics  reflect  the  spectral  contents 
of  the  Gaussian  bunches  used  in  the  simulation.  The 
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Fig.  4  Fourier  components  of  output  power 


established  with  an  average  power  of  S2.8  MW.  Low 
frequency  modulation  of  the  rf  power  is  observed  through¬ 
out  the  entire  pulse.  Filtering  or  suppressing  this  modula¬ 
tion  is  required  for  stable  phase  operation.  Figure  6  shows 
the  output  power  vs.  beam  current.  At  tow  currents,  the 
power  increases  quadratically.  At  higher  currents,  it  varies 
linearly  before  tapering  toward  saturation.  A  peak  power 
of  296  MW  is  achieved  for  an  rf  current  of  700  A,  with  a 
saturated  effleienq'  of  33%.  The  maximum  electric  field  on 
the  cavity  surfaces  under  this  operating  condition  does  not 
exceed  1.2  MV/cm.  Thus  even  without  optimizing  the  TW 
structure,  the  CONDOR  simulation  is  consistent  with  the 
experimental  results  of  ref.  1. 


Fig.  6  Comparison  of  S-  and  6-cell  cavity  output  power 

By  modifying  various  cells  in  the  TW  structure,  the 
overall  efficiency  can  be  optimized  for  a  given  electron 
beam.  For  a  300-A,  1.2-MeV  beam  we  have  found  that  by 
applying  high  rf  absorption  to  the  first  two  cavities  the 
efficiency  increased  from  14.8%  to  16%.  A  substantial 
increase  in  efficiency  is  found  in  this  case  by  reducing  the 
cavity  length  from  4.65  cm  to  4.0  cm  while  eliminating  the 
first  cell,  leaving  the  structure  with  five  cells.  A  peak  rf 
power  of  172  MW  is  obtained  for  a  1.2-MeV,  3(X)-A  beam 
with  this  configuration.  The  power  further  increases 
somewhat  with  a  small  increase  in  the  volume  of  the  first 
cell.  Finally  we  maximize  the  rf  efflciency  to  about  43%,  or 
156  MW  of  power,  for  the  geometry  given  in  Figure  7.  As 
shown  in  Figure  6,  the  efficiency  is  beam  dependent  and 
slowly  decreases  from  43%  at  300  A  to  32%  at  700  A. 


instantaneous  power  flow  through  the  output  port  for  a 
1.2-MeV,  300-A  driving  beam  is  shown  in  Figure  5.  After 
four  nanoseconds  of  power  overshooting,  a  steady  state  is 


nanoMcondt 

Fig.  5  Output  power  for  a  6-cell  cavity 
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Fig.  7  Five-cell  TW  structure  model 

Discussions 

It  is  interesting  to  note  that  the  numerical  results  for 
cold  test  in  the  last  section  agree  well  with  J.C.  Slater’s 
•heoiy,  but  not  with  SM-  Pierce’s  analysis  of  TW  periodical¬ 
ly  loaded  waveguide,  Thd  cold  test  phase  velocity  predicted 
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’ayr^Pieji<^j6r ^n^inilihit^^  structure  with  our  six<ce]l 

Jeomet^.B,  03%,com^^  0.97c  to  1.24c  variation 

^pbSTh^jby  ffie'pONDOR  code.  Moreover  the  TW  inter- 
•a^ionjim^  is  about  8  ohms  for 

\t|is;ig^metry^/ram  i^th  the  variation  between  100 
o|m  nol^;{ohm  seeh  in  Fi^re  3,  the  discrepancy  is 
riikely;attribut^:to  negligence  in  treating  field  distortion 
a|oundUhe  4ri^  Pierce’s  theory.  Cold  test  numerical 
r|s^t^/on  the  other  hand^  match  quite  well  vrith  the  theory 
'dfiperioHicitructures  developed  by  J.C  Slater.  A  phase 
yei^fy  (>f  i.i4c  is  predicted  for  an  inflnitely  long  TW 
striidure  with  about  ohms  of  interaction  impedance. 

Siatet^f  approach  can  also  be  adopted  for  a  finite- 
length  structure  as  we  show  below.  In  this  approach,  a 
single  Mil  is  viewed  as  a  two  port  (or  four  terminal)  rf 
structure  in  which  the  iris  is  treated  as  a  lump  susceptance. 
Using  Slater's  notation  the  transverse  electric  and  magnetic 
nelds  are  related  by; 

[cot(tt)-hol-il'„v«(«-) 

where  k  is  the  wavenumber  and  L  the  length  of  a  single 
cell,  Yq  is  the  waveguide  admittance,  -iboYg  is  the  iris 
susceptance,  and  are  respectively  the  transverse 
magnetic  and  electric  field  for  the  nth  cell.  Eliminating 
I„  from  two  successive  cells  gives  the  relation  among  V„: 

For  an  infinitely  long  periodic  structure  one  can  substitute 
Vs  Voexp(igL)  to  obtain  an  expression  for  the  wavenumber: 

co6(g£) «  coa(kL)  — ^sinCiU.) 

2 

with  the  phase  velocity  given  by  Vp=  u/g.  For  a  finite 
length  structure,  the  above  equation  for  V„  becomes  a 
matrix  equation  to  which  we  have  to  apply  appropriate 
boundary  conditions  at  the  ends  of  the  structure.  As  an 
example  we  outline  a  design  procedure  for  a  six-cell  cavity. 
Requiring  zero  transverse  electric  field  on  the  l.h.s.  of  the 
cavity  and  a  given  reflection  coefficient  p  on  the  r.h.s.,  we 
obtain  a  4x4  matrix  whose  eigenvalues  are  given  by  the 
solutions  of  the  secular  equation; 

(A^-iy(Af-A)AiA^-2)=0 
Ay=iZ[sin(ik£^  +  iZcosfjfcLj)]’* 

where  Z=(l+p)/(l-p),  and  Lg  is  the  effective  length  of  the 
last  cell.  We  obtain  immediately  a  particular  solution  for 
V„,  i.e.  V,=0,  Vjsl.  V3=A,  V,=A2-1,  V5=A(A2-2),  and 
V6=A^(A^-2).  Starting  with  a  closed  cavity  (p=-l),  we 
can  solve  the  secular  equation  analytically  to  give  four 


modes  which  have,  respectively,  7t/6,  n/3,  n/Z  and  2ii/3 
phase  shift  per  cell.  The  cell  dispersion  relation  is  given 
by: 

A  -  2cos(kL)  -  bf^inikL) 


where 

A^±. 

f 2.405'!* 

N 

2  2 

1  *•  /  V  ; 

for  the  propagating  mode  in  the  cell.  is  the  cavity 
radius.  Given  the  operation  frequency  f  and  the  beam 
energy  the  length  of  each  cell  is  determined  by  the  require¬ 
ment  of  synchronizing  the  electron  velocity  with  the  phase 
velocity  (Vp).  For  example,  L=Vp/3f  for  2n/3  mode,  and 
L«Vp/4f  for  */2  mode.  The  wall  radius  is  determined  for 
a  given  iris  susceptance.  The  iris  susceptance  can  be 
calculated  using  the  SUPERFISH  code  (bo=0.99  in  our 
CONDOR  runs).  Next,  changing  the  reflection  coefficient 
p  from  -1  to  0  will  allow  for  output  power  flow.  For  a 
given  value  of  p,  an  eigenvalue  k  (now  complex)  is  ob¬ 
tained  from  the  secular  equation  for  the  mode  of  interest. 
To  keep  the  cavity  on  resonance,  the  wall  radius,  R,^  can 
be  obtained  from  the  real  part  of  k.  Finally,  the  waveguide- 
loaded  Q  of  the  TW  cavity  is  determined  by  the  imaginary 
part  of  k.  A  further  extension  of  the  modified  Slater 
method  to  include  beam  loading  for  a  finite  length  struc¬ 
ture  is  being  considered. 

Summary 

We  have  presented  numerical  simulation  results  for 
a  TW  output  cavity  using  the  CONDOR  code.  The  results 
are  consistent  with  data  from  recent  relativistic  klystron 
experiments.  It  is  shown  that  the  simulation  technique  can 
be  a  useful  tool  to  complement  other  TW  cavity  design 
methods.  A  simple  design  procedure  has  been  outlined  to 
determine  the  dimensions  of  the  TW  cavity. 
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Abstract. 

TTie  I^w  Energy  Booster  ^B)  is  a  rapid  cycling 
.^fjKluitrbhlb  be  built  at  the  Superconducting  Su^r  Collider 
Lat^i^  the  Injector  Cpthplex;  The  Low  Energy  Booster 
wiU!i»1r^yifor  operation  by  late  1995. 

iTIi  LEB  is  ti^  to  accelerate  protons  from  an  injection 
mpihmtum  of  1.2  GeV/c  to  an  extraction  momentum  of  12 
GeV^i  T^  machine  is  a  separated  function  design  with 
^^ie^a^^  qiiadnqrole  magnets  driven  by  a  single  power 
'wpply  ^s^.  Thicking  errors  between  dipoles  and  quadrup- 
dies  aie  cor^ted  by  separate  quadrupole  magnets  power^ 
frdm’indepmdent  power  supplies. 

The  dipole  *nd  quadrupoles  are  excited  with  a  10  Hz 
‘bia^’siM'wave  or  1  Hz  linear  ramp.  Change  of  openuing 
mode'frdm  10  Hz  to  1  Hz  takes  no  more  than  2  hours. 

litis  paper  describes  the  present  design  of  the  ring 
magnet  power  supply  system. 

I.  iNTRODUaiON 

In  the  10  Hz  operating  mode  dipole  and  quadrupole 
magnets  are  excited  with  a  biased  sinusoidal  current  of  the 
form: 

KO  ■  ide  *  W*"^2nft)  (1) 

In  the  1  Hz  operating  mode  the  magnets  are  energized 
with  a  piece-wise  linear  current  having  approximately  0.3 
second  linear  rise,  0.3  second  linear  fall,  0.1  second  flat 
bottom,  0.1  second  flat  top.  Remaining  0.2  second  is  reserved 
for  connecting  the  linear  segments  via  parabolas. 

Both  modes  of  operation  require  the  power  supply 
system  to  produce  a  p^  current  of  3750  Amperes.  The 
regulation  requirement  for  both  modes  is  100  ppm  of  full 
scale. 

II.  MAGNETS 

The  ring  magnet  power  supply  system  energizes  138 
main  magnets  in  the  booster,  48  dipoles  and  90  quadrupoles. 
There  is  1  type  of  dipole  and  5  typ^  of  quadrupoles  (5 
different  lengths).  Tbe  magnet  excitation  coils  are  copper 
conductors  with  a  cooling  hole  in  the  center.  Magnet 
parameters  are  listed  in  Table  1. 


Table  1.  LEB  Magnet  Parameters 


Number  of  dipoles 

48 

Peak  current 

3750  A 

Peak  field 

1.3  T 

Dipole  inductance 

4.8  mH 

Dipole  dc  resistance 

4.2  mn 

Dipole  ac  resistance  at  10  Hz 

7.3  m£2 

Number  of  quadrupoles 

90 

Qua^pole  peak  current 

3750  A 

Quadrupole  peak  pole  tip  field 

0.8  T 

Quadrupole  mean  length 

0.6  m 

Quadrupole  mean  inductance 

0.3  mH 

Quadrupole  mean  dc  resistance 

1.5  mG 

Quadrupole  mean  ac  resistance  at  10  Hz 

2.3  mG 

Figure  1  shows  the  power  supply  network.  The  two  modes 
of  operation  are  provided  by  this  network. 


Figure  1.  LEB  Magnet  Power  Supply  Network 


’Operated  by  the  Universities  Research  Association, 
Inc.,  for  the  U.S.  Department  of  Energy  under  Contract 
No.  DE-AC02-89ER40486 
U.S.  Government  work  not  protected  by  U.S.  Copyright 
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!;'<  iii;  1  HZ  MODE  OF  Operation 

K-  ‘  -  ■  .  '  ' 

f:  .  ?In$|ie;ci«Hz  mode,  the  knife  switches  are  closed.  Figure  2 
I"  .  ;  shows  . ttcsm^et  current  waveform. 


Figure  2.  Magnet  current  waveform,  1  Hz  mode  of  operation. 


The  power  supply  parameters  for  1  Hz  mode  are  listed 
in  Table  2. 


table  2.  Power  Supply  Parameters,  1  Hz  Mode 


Magnet  load  dc  resistance 

340  mn 

Magbct  load  inductance 

260  mH 

Maximum  output  current 

3750  A 

Mihimuth  ramp/reset  time 

0.3  sec 

Miuimum  dl/dt 

1125  kA^ 

Maximum  Voltage  required 

4230  V 

Number  of  distributed  power  supplies 

6 

Power  supply  peak  voltage 

700  V 

Power  sui^y  peak  current 

3750  A 

Power  sui^ly  rms  cunent 

2270  V 

Maximum  (grating  voltage  to  ground 

350  V 

Current  legidation 

100  ppm  of 
full  scale 

IV.  10  HZ  MODE  OF  OPERATION 

In  the  10  Hz  mode,  the  knife  switches  are  open.  The 
power  supply  system  is  required  to  produce  current  of  the 
form  (1).  Figure  3  shows  the  magnet  current  waveform. 


To  avoid  drawing  a  large  reactive  power  from  the  ac 
source,  it  is  necessary  to  use  a  circuit  which  is  resonant  at 
10  Hz  and  in  addition  provides  a  path  for  the  dc  bias 
current.  These  requirements  are  satisfied  by  the  distributed 
resonant  circuit  shown  in  Figure  1.  The  power  supply 
specifications  for  10  Hz  mode  are  listed  in  Table  3. 

Table  3.  Power  Supply  Parameters,  10  Hz  Mode. 


Total  mapet  inductance  260  mH 

Number  of  resonant  cells  12 

Resonant  choke  inductance  35  mH 

Number  of  chokes  12 

Resonant  c^acitor  capacitance  18.8  mF 

Number  of  capacitor  banks  12 

Single  cell  parameters 

Resonant  cell  magnet  load  dc  resistance  28.3  mfl 
Resonant  cell  choke  dc  resistance  IS.O  mil 

Resonant  cell  dc  resistance  43.3  mQ 

Maximum  mapet  dc  current,  I^^,  1875  A 

Dc  voltage  required  81  V 

Resonant  cell  magnet  load  ac  resistance  42.5  mfl 

Resonant  cell  choke  ac  resistance  22.5  mfl 

Resonant  cell  capacitor  ac  resistance  2.8  mfl 

Resonant  cell  magnet  impedance  0.043  +31.38  [fl] 
Resonant  cell  choke  imp^nce  0.073  +  j2.20  [Q] 
Resonant  cell  capacitor  impedance  0.003  •  jO.85  [fl] 
Resonant  cell  impedance  0.079  +  jO.OO  [Q] 

Peak  magnet  ac  current,  Ij^^  1875  A 

Ac  voltage  required  148  V 

Total  ring  parameters 

Number  of  distributed  power  supplies  6 

Power  supply  peak  voltage  460  V 

Power  supply  peak  current  3750  A 

Power  supply  rms  current  2300  A 

Total  ring  ac  losses  1660  kW 

Total  ring  dc  losses  1830  kW 

Total  magnet  stored  energy  1850  kJ 

Total  choke  stored  energy  1950  kJ 

Total  capacitor  stored  energy  855  kJ 

Total  ring  Q  32.4 


Maximum  operating  peak  voltage  to  ground  1420  V 


V.  POWER  SUPPLIES 


Figure  3.  Magnet  cunent  waveform  required  for  10  Hz. 


Six  power  supplies  (M.P.S.  in  Figure  1)  arc  used  to 
energize  the  magnets  in  both  the  1  Hz  and  10  Hz  modes. 
Figure  4  shows  the  basic  power  supply  circuitry. 

Two  extended  delta-wye  transformers  with  three-phase  full 
wave  thyristor  bridges  operate  off  a  12.47  kV  input  line.  The 
extended  delta-wye  transformer  was  chosen  in  order  to 
achieve  6-phase,  12-pulse  rectification  and  at  the  same  time 
keep  the  impedance  of  both  rectifier  bridges  matched.  Bypass 
thyristors  across  the  input  of  a  passive  filter  provide  a  path 
for  magnet  discharge  current  The  passive  filter  is  a  second 
order  damped  low-pass  filter.  Its  resonant  frequency  is 
approximately  100  Hz.  The  phase  shift  of  the  filter  at  10  Hz 
is  only  -2°.  The  distortion  of  the  filter  output  voltage  has  no 
noticeable  effect  on  the  mapet  current  b^use  of  the  high 
Q  of  the  10  Hz  resonant  network.  For  1  Hz  operation,  the 
output  voltage  is  corrected  in  a  fast  voltage  feedback  circuit. 
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VI.  POWER  SUPPLY  REGULATORS 

Two  separate  regulators  are  used  to  regulate  the  power 
su^Iy  yolta^  and  current  in  two  modes  of  operation. 

llie  ma^et  current  shown  in  Figure  2  and  3  must  be 
repeated  within  100  ppm  of  full  scale.  For  the  magnet 
cuneiu  of  Figure  3,  the  regulation  is  accomplished  by  a 
regulator  which  consists  of  a  fast  acting  voltage  loop 
ccKUrolled  by  the  sum  of  two  current  loops.  The  voltage  loq) 
provides  fast  correction  for  line  transients.  Two  components 
of  magnet  current,  1^^^  and  I^^,,  have  their  individual  feedback 
loops.  A  precision  zero<flux  transductor  is  used  to  measure 
the  magnet  current  Hie  two  components  are  extracted  from 
the  trarr^uctor  signal  and  compart  with  the  two  references. 
The  current  error  signals  are  summed  and  used  as  the 
reference  for  the  voltage  feedback  loop.  The  current  loops* 
lagging  corner  frequencies  are  matched  by  adjusting  the  time 
constant  of  the  feedback  circuits  around  their  error  amplifiers. 
The  current  feedback  loop  open  loop  bandwidth  is  approxi* 
mately  0.1  Hz. 

For  the  magnet  current  of  Figure  2  regulation  is 
accomplished  by  a  regulator  which  consists  of  two  nested 
loops:  a  fast  acting  voltage  loop  for  rejecting  line  transients 
and  a  slower  current  loop.  The  same  precision  zero-flux 
transductor  is  used  to  measure  magnet  current.  The  current 
feedback  loop  has  an  open  loop  bandwidth  of  approximately 
40  Hz.  It  provides  correction  for  the  magnet  load  pole  (0.2 
Hz)  and  Im  a  dc  gain  of  approximately  80  dB. 


VII.  HARMONIC/POWER  FACTOR  CORRECTION 

In  order  to  achieve  a  power  factor  of  0.9  at  the  point 
of  common  coupling  with  the  12.47  kV  distribution  and  total 
harmonic  distortion  of  S%,  a  harmonic  filter  is  planned. 


The  niter  is  rated  at  16  MVA  and  consists  of  a  high  pass 
stage,  a  band  pass  stage  and  a  power  factor  stage.  The  high 
pass  stage  is  tuned  to  1300  Hz  and  the  band  pass  stage  is 
tuned  to  720  Hz.  The  filter  reactance  at  60  Hz  is  capacitive 
and  produces  a  capacitive  reactive  power  of  11.1  Mvar 
need^  for  power  factor  conection.  Figure  5  shows  the 
arrangement  of  the  major  components  of  the  harmonic  filter. 


0 


1300HZ 

HIGH-PASS  stage 


■012.47 

•030 


T  T  Tpwr  tag  tor  stage 


720HZ 

BAND-PASS  STAGE 


Figure  5.  Harmonic  flUer  diagram 
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fAbstfqct 

The  paper  describes  the  proposed  design  for  the  476  MHz 
acceieiatihg  cavity  for  the  SLAC/LBL/LLNL  B-Factory.  This 
machine  will  require  a  high  power  throughput  to  the  beam 
l^aii^  of  the  large  synchrouon  radiation  losses,  and  very  low 
im^ances  for  Uie  higher  order  modes  because  of  Ui  high 
cumni  proposed.  Use  of  conventional  construction  in  copper 
m^s.  ^at  c^ful  consideratitm  has  to  be  paid  to  the  problem 
of  cpbiihg.  *^6  need  for  a  high  shunt  impedance  for  the 
accelerating  mdde  dictated  the  use  of  a  re-entrant  shape.  This 
niaximizcd  the  impedance  of  the  fundamental  mode  with 
fe^t  to  the  troublesome  longitudinal  and  deflecting  higher 
order  ihbdes,  when  compared  to  open  or  "bell  shaped"  designs, 
A  ^iaiized  damping  scheme  was  employed  to  reduce  the 
higher  order  mode  impedances  while  sacrificing  as  little  of  the 
fundamental  mode  power  as  possible.  This  was  required  to 
suppress  the  growth  of  coupl^  bunch  beam  instabilities  and 
minimize  the  workload  of  the  feedback  system  needed  to 
control  them.  A  window  design  capable  of  handling  the  high 
power  was  also  required. 

I.  INTRODUCTION 

The  B-Factory  RF  system  is  required  to  meet  the  demands 
of  a  high  luminosity,  and  therefore  high  current,  white 
operating  in  a  reliable  manner  befitting  the  "factory" 
philosophy  of  the  project  [I].  Choices  of  the  parameters  of  the 
RF  cavity  are  intended  to  be  conservative  and  reasonable 
extrapolations  from  existing  technology.  The  chosen  frequency 
of  476MHz  is  a  subharmonic  of  the  SLAC  linac  frequency,  to 
allow  for  stable  injection.  Commercial  IMW  Klystron  designs 
can  be  made  to  work  at  this  frequency  The  very  large  beam 
currents,  1.48A  in  the  High  Energy  Ring  (HER)  and  2. 14 A  in 
the  Low  Energy  Ring  (LER),  require  up  to  lOMW  and  5MW 
respectively  to  replace  the  energy  lost  to  synchrotron  radiation, 
cavity  wall  heating,  and  other  effects.  The  need  for  short 
bunches  (a/  =lcm),  requires  a  voltage  of  18.5MV  for  the 
HER,  9.5MV  for  the  LER.  Unfortunately  the  number  of 
cavities  over  which  the  power  can  be  distributed  must  be  kept 
to  a  minimum  because,  with  such  large  currents,  the 
impedances  of  higher  order  modes  (HOMs)  will  cause  very 
large  longitudinal  and  transverse  coupled-bunch  instablility 
growth  rates.  Even  so  it  is  necessary  to  provide  damping  of 
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these  modes  in  the  cavities  and  an  active  bunch-by-bunch 
feedback  system  in  each  ring  to  control  this.  Since  most  of  the 
power  goes  into  the  beam,  the  saving  in  RF  power  from  using 
superconducting  cavities  would  not  be  large,  and  has  to  be 
weighed  against  the  increased  complexity  associated  with  the 
cryogenic  system.  Also  the  technology  for  coupling  such  large 
drive  and  HOM  power  to  and  from  a  superconducting  cavity  is 
not  yet  mature.  For  these  reasons  and  because  expertise  in  ihe 
project  team  is  primarily  with  room  temperature  structures, 
conventional  copper  construction  was  preferred.  Single  cell 
cavities  of  a  re-entrant  design  were  chosen  to  maximize  the 
shunt  impedance  of  the  fundamental  mode  with  respect  to 
HOMs.  It  was  decided  to  limit  power  to  SOOkW  in  each  cavity 
(and  window),  of  which  up  to  ISOkW  is  dissipated  in  the 
walls,  yielding  20  cavities  in  the  HER  and  10  in  the  LER. 
This  gives  a  gap  voltage  in  the  cavities  of  less  than  IMV  and 
an  average  field  of  about  4.3MV/m.  The  high  wall  dissipation 
requires  careful  attention  to  be  paid  to  the  cooling  system, 
especially  around  structures  such  as  the  damping  waveguides, 
which  may  have  localized  concentrations  of  current 


II.  CHOICES  FOR  CAVITY  PARAMETERS 

Cavity  designs  and  commercial  IMW  CW  klystrons  are 
available  at  around  350MHz  and  500MH/..  PEP.  LEP  and  APS 
use  350MHz,  while  Daresbury  (SRS),  KEK  and  ALS  operate 
at  500MHz.  A  frequency  in  the  higher  region  was  chosen 
because  less  overvoltage  is  required  in  the  taviiy  to  achieve  the 
short  bunch  length  and  more  bunches  can  be  circulated. 

The  type  and  shape  of  the  cavities  is  determined  by  the 
need  to  maximize  the  fundamental  mode  shunt  impedance  with 
respect  to  HOMs.  This  is  best  achieved  with  a  re-entrant  or 
"nose-cone"  shape.  With  conventional  copper  construction,  an 
open  or  bell  shape,  as  often  used  in  superconducting  cavities, 
does  not  work  as  well  in  this  respect.  The  shape  chosen  (fig.l) 
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is  similar  to  those  used  in  the  SRS,  KEK  and  ALS,  with  a 
beam  pipe  internal  radius  of  4.825cm,  (coming  from  the 
internal  dimensions  of  a  standard  sized  10cm  OD  pipe  used  for 
the  vacuum  chamber  in  the  RF  straight ).  Analysis  of  the 
basic  shape  was  done  using  the  2D  URMEL  code  [2]  Single 
cells  were  chosen  to  keep  the  number  of  ROMs  to  a 
minimum,  in  multi-cell  structures  the  coupling  between  cells 
results  in  more  modes. 

URMEL  calculates  the  transit  time  corrected  shunt 
impedance  Rs  (=V2/2P)  for  the  basic  shape  to  be  about 
5.3MQ  with  a  Q  of  45,000  and  R/Q  of  116S2.  In  a  real  cavity 
this  impedance  is  degraded  by  the  addition  of  ports  and 
damping  waveguides  and  by  the  effect  of  wall  temperature  on 
the  conductivity  of  the  copper.  Experience  with  other  designs 
suggests  about  10%  will  be  lost  with  the  addition  of  the  tuner, 
drive  and  other  ports.  Using  MAFIA  [3]  and  ARGUS  [4]  to 
study  the  3D  shape  shows  a  loss  of  10%  or  less  in  the 
fundamental  mode  Rs  and  Q  when  the  damping  waveguides  are 
added  (R/Q  stays  about  the  same).  Based  on  extrapolation  from 
existing  cavities  and  thermal  studies  using  ANS  YS  [51.  loss  of 
efficiency  due  to  surface  temperature  rise  may  be  as  high  as 
14%  with  150kW  dissipated  in  the  cavity.  Thus  a  practical 
shunt  impedance  of  3.5MQ  with  a  Q  of  about  30,000  should 
be  achievable,  (table  1). 

To  get  the  required  match  at  the  nominal  operating 
currents  requires  a  coupling  factor  p  of  about  3.7.  Loop  and 
aperture  couplers  were  considered,  the  loop  has  the  advantage 
that  the  coupling  factor  can  be  adjusted  by  rotating  it,  but  it 
must  be  well  cooled  because  of  the  very  high  surface  current 
densities.  An  aperture  has  the  advantages  of  simplicity  and 
lower  surface  currents  but  may  need  a  larger  opening  in  the 
cavity  and  requires  a  sliding  short  circuit  in  the  waveguide  to 
adjust  i\e  match  which  may  be  a  problem  because  of  limited 
space  in  the  tunnel.  A  loop  is  favored  because  of  the 
compactness  and  adjustability  and  because  of  the  experience  of 
the  SLAC  team  with  this  type  of  coupler. 

Either  type  of  coupler  requires  the  use  of  a  vacuum 
window  at  some  point.  Existing  designs  using  a  ceramic 
window  in  the  aperture  or  as  part  of  the  loop  structure  are  not 
well  suited  to  such  high  power  levels.  It  was  decided  to  locate 
the  window  well  away  from  the  harmful  cavity  standing  wave 
fields,  which  may  evanesce  some  distance  into  the  waveguide, 
using  a  simple  waveguide  window.  Designs  are  being 
developed  commercially  for  500kW  CW  operation.  The 
location  of  the  window  in  these  designs  requires  that  part  of 
the  waveguide  be  evacuated  which  may  increase  conditioning 
time.  Anti-multipactor  coatings  will  be  applied  to  the 
windows  and  may  be  used  on  other  surfaces  if  any  problems 
are  encountered  with  excessive  multipactor  during 
conditioning. 

Active  tuning  of  the  cavities  is  proposed  to  be  done  by 
motorized  plungers  of  the  type  used  in  PEP.  These  have 
carbon  brushes  to  prevent  ROM  power  from  getting  into  the 
bellows.  An  interesting  alternative  is  to  distort  the  cavity 
slightly  by  external  pressure  to  change  its  frequency.  This  has 
the  advantage  that  no  hole  needs  to  be  cut  in  the  cavity  wall. 
Both  of  these  methods  will  be  investigated  m  more  detail. 


Table  1;  RF  Parameters  for  the  high  and  low  energy  rings. 


Parameter 

HER 

LER 

RF  frequency  (MRz) 

476 

Beam  current  (A) 

1.48 

2.14 

Number  of  cavities 

20 

10 

Shunt  Impedance  Rs*  (MQ) 

3.5 

Gap  Voltage  (MV) 

0.93 

0.94 

Accelerating  gradient  (MV/m) 

4.2 

4.3 

Wall  loss/cavity  (kW) 

122 

130 

Coupling  factor  without  beam  (P) 

3.7 

3.8 

Unloaded  Q  of  cavity 

30000 

•  Rs  =V2/2P 


The  high  beam  currents  have  the  potential  for  very  high 
coupled-buneh  instability  growth  rates,  requiring  special 
attention  to  be  paid  to  the  ROM  impedances  of  the  cavities. 
Existing  damping  techniques  using  externally  applied  tuned 
couplers  have  not  proved  effective  enough  to  meet  the  B- 
Factory  requirements,  and  reduce  the  growth  rates  to  a  level 
where  an  economically  feasible  <'eedback  system  could  take 
control.  For  this  application  damping  waveguides  were 
included  in  the  design  of  the  cavity  right  from  the  start.  These 
waveguides  arc  designed  to  propagate  at  the  ROM  frequencies 
and  are  positioned  to  couple  most  strongly  to  the  most 
troublesome  modes  while  avoiding  the  field  nulls  of  all  the 
other  modes  (so  that  no  modes,  however  innocuous,  remain 
trapped).  The  waveguides  are  below  cutoff  at  the  fundamental 
mode  frequency  and  result  in  only  a  small  perturbation  of  the 
accelerating  field.  The  effect  of  the  size,  shape  and  location  of 
the  damping  waveguides  has  been  studied  experimentally  on  a 
simple  pillbox  cavity  [6]  and  calculated  using  MAFIA  and 
ARGUS,  for  the  pillbox  case  and  realistic  B-Factory  cavity 
shapes.  Neither  MAFIA  nor  ARGUS  is  currently  capable  of 
solving  the  complex  eigenvalue  problem  created  by  lossy 
materials  in  the  damping  waveguides  so  the  method  of  Kroll 
and  Yu  [7,8]  was  used  to  calculate  the  mode  frequencies  and 
Q’s  of  the  loaded  siruciurcs.  Three  waveguides  are  used,  spaced 
120  degrees  apart  around  the  cavity  azimuth  so  that  all  ROMs 
up  to  sextupole  (m=3),  and  many  higer  orders,  can  be  damped. 
This  maintains  symmetry,  avoiding  introducing  low  order 
(m=l,2)  multipole  components  into  the  fundamental  mode . 

Experiments  on  the  pillbox  cavity  showed  that  strong 
damping  of  ROMs  can  be  achieved,  and  the  measured  Q's 
agreed  well  with  those  calculated  by  MAFIA/Kroll-Yu. 
Initially  it  was  intended  to  get  the  Q's  down  to  below  100  for 
the  worst  modes,  on  the  pillbox  this  was  achieved  with  only  a 
8%  (calculated)  loss  in  fundamental  mode.  Loaded  Q  for  the 
longitudinal  (m=0)  TMOl  1  mode  was  calculated  to  be  between 
15  and  35,  measured  to  be  31.  The  dipole  (m=l)  TMllO  mode 
was  calculated  to  have  a  Q  of  55,  measured  to  be  37. 

The  first  attemot  to  calculate  the  damping  of  the  B- 
Factory  cavity  used  a  model  having  three  rectangular 
waveguides  with  a  cut-off  frequency  of  about  600MH/.  These 
waveguides  were  too  broad  to  join  directly  to  tlic  cavity  wall 
so  an  iris  was  used.  Results  for  this  gcomeuy  show  strong 
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damping  of  the  worst  HOMs,  with  a  Q  of  about  30  for  the 
TMOll  mode,  with  about  12%  loss  of  the  fundamental  mode 
Q  (table  2).  It  may  be  possible  to  reduce  this  degradation  of  the 
fundamental  mode  by  smoothing  out  the  sharp  comers  in  the 
iris.  In  an  attempt  to  dispense  with  the  iris  altogether  a  scheme 
was  developed  using  smooth  ridged  waveguides  which  can  be 
made  small  enough  to  open  directly  into  the  cavity.  Using  this 
scheme  the  Q  of  the  TMOll  mode  is  reduced  to  less  than  26 
(possibly  as  low  as  12  -  there  is  some  uncertainty  due  to  the 
limited  number  of  data  points  used  in  the  Kroll-Yu  method), 
while  the  fundamental  mode  Q  is  lowered  by  only  7%.  The 
ridged  waveguides  have  a  slightly  larger  area,  which  may 
account  for  the  stronger  damping,  while  the  smoothing  of  the 
corners  and  the  lack  of  iris  could  explain  the  reduced 
perturbation  of  the  fundamental  mode.  Other  HOMs  are  reduced 
to  Q's  in  the  range  30-50,  except  for  the  TM020  which  was 
accidentally  missed  by  the  placement  of  the  ridged  waveguide. 
(When  the  waveguide  shape  was  changed  the  effective  center  of 
the  waveguide  moved  slightly,  onto  a  null  of  the  TM020 
magnetic  field). 


Table  2:  Damping  of  prototype  cavity  by  waveguides. 


mode 

No  Waveguides 
freq  Qo  RT2 

Reel  wg-i-iris 
Frcq  Ql 

Ridged  wg 
Frcq  Ql 

TMOlO 

(MHz)  (MO) 

480  40003  4.71 

(MHz) 

■ilS  35248 

(MHz) 

473  37344 

TMOll 

750  33270  1.35 

745 

30 

738  12-26 

TM020 

993  38700  0.009 

997  >1000 

992  >5600 

TE  111 

Trans.* 

(MO/m) 

685  54844  0.191 

680 

-65 

678  30-47 

TMllO 

794  57762  18.3 

795 

-73 

793  31-64 

TMlll 

1068  51836  33.2 

1040 

>50 

1038  >49 

*  R/ic(r)^  (where  r  is  the  beam  pipe  radius=0.04825m) 

Work  is  continuing  on  the  optimisation  of  the  shape  and 
position  of  the  damping  waveguides  to  gel  the  lowest  Q's  for 
the  most  significant  modes  and  to  check  all  the  higher  order 
modes  to  m^c  sure  none  are  missed.  Additional  damping  may 
be  achieved  by  using  higher  order  mode  filters  in  the  drive 
waveguide  as  there  will  be  significant  transmission  through 
the  power  coupler  for  many  HOMs.  As  a  last  resort  any  single 
mode  which  still  has  a  significant  impedance  may  be  tackled 
by  a  tuned  antenna  in.serted  through  a  service  port. 

The  high  power  dissipation  and  multiple  apertures  in  the 
B-Factory  cavity  require  careful  attention  to  the  problem  of 
cooling.  It  is  proposed  to  use  a  construction  similar  to  that  of 
the  Daresbury  and  ALS  cavities  where  the  cooling  water  is 
channeled  between  two  shells  forming  the  inner  and  outer 
surfaces  of  the  cavity.  Particular  care  must  be  taken  to  ensure 
adequate  cooling  of  the  nose-cones  and  the  damping  waveguide 
apertures.  The  surface  power  dissipation  is  available  from  the 
numerical  codes  and  this  information  can  be  transferred  to  a 
finite  element  program  to  perform  thermal  and,  ullimaiefy, 
suess  analyses  of  the  proposed  designs.  Early  investigation 


suggested  there  might  be  shong  local  heating  in  the  nose-cone 
region  and  around  the  rectangular  waveguide  iris.  Current  work 
is  taking  account  of  these  results  and  the  present  design 
iteration  is  including  a  wider  nose-cone  angle  (30  degrees) 
which  allows  easier  access  for  the  cooling  water,  and  will 
feature  a  smoothed  iris  or  rounded  ridged  waveguide. 

Field  enhancement  on  the  small  radius  of  the  cavity  nose- 
cone,  as  calculated  by  URMEL,  leads  to  local  surface  clcchic 
fields  about  5.9  times  the  average  accelerating  field  in  the 
cavity.  At  about  25MV/m  this  is  comparable  to  the  Kilpatrick 
number  at  this  frequency,  20.9MV/m,  so  sparking  should  not 
be  a  problem  after  conditioning. 


III.  DEVELOPMENT  PROGRAM 

The  current  design  effort  is  targeted  on  optimization  of  the 
RF  performance  of  the  cavity  shape  and  the  dumping  scheme, 
while  keeping  in  mind  the  problems  of  cooling  and  mechanical 
construction.  The  first  test  of  the  design  will  be  the 
construction  of  a  low  power  test  model  to  measure  the 
effectiveness  of  the  damping  .scheme  and  confirm  die  calculated 
mode  spccuum.  An  automatic  bead-puller  is  being  constructed 
to  allow  detailed  investigation  of  the  HOM  impedances,  This 
model  may  also  be  used  to  test  the  RF  control  loops,  using  a 
low  power  amplifier  instead  of  the  klystron.  At  the  same  time 
programs  will  be  under  way  to  evaluate  high  power  window 
and  coupler  designs,  leading  ultimately  to  their  verification  in 
a  high  power  test  stand  at  SLAC.  Any  lessons  learned  from 
the  low  power  tests  will  be  included  in  the  next  design 
iteration  of  the  cavity  which  will  concentrate  on  the 
engineering  of  a  high  power  prototype. 
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Abstract 

A  cost  effective  technique  was  developed  for  the  timely 
aUgtptmt  of  the  magnets,  support  stands,  and  diagnostic  equip- 
mehi  i^g?mdily  available  instrumentation.  The  procedure 
uKluj^  uw  pf  a  commerci^y  available  theodolite  coordinate 
m^iffeimht  system  for  ali^ment  of  the  dipole  magnets,  and 
t^ticd  tooling  techniques  for  smoothing  out  errors  in  the  posi- 
tionvof  the  quadrupoles  to  sub-millimeter  tolerances.  The 
mmiment  network,  fiducialization  of  magnets  and  supports, 
aM  ^ial  tooling  are  discussed. 

I.  Introduction 

The  survey  and  alignment  of  an  MLI  Model  1.2-400  syn¬ 
chrotron  light  source  is  underway.  This  is  a  1.2  GeV  Chasman- 
Groen  lattice  with  an  average  ndius  of  17.6  meters  and  circum¬ 
ference  of  SS.2  meters.  The  primary  ring  magnets  to  be  aligned 
are  eight  dipoles,  twenty  quadrupoles,  and  sixteen  sextupoles. 
Twenty  magnets  in  the  transport  line  are  also  to  be  aligned. 


Commercially  available  and  cost  effective  instrumentation 
is  used.  The  magnet  supports  incorporate  screw  adjustments  for 
six  degrees  of  freedom.  Special  fixtures  were  necessary  for  some 
of  the  magnets. 

II.  Monument  Reference  System 

The  monument  network  consists  of  fourteen  primary  monu¬ 
ments,  twelve  in  the  ring  and  two  in  the  linac  tunnel,  as  shown  in 
figure  1.  A  central  monument  was  not  used  because  of  interfer¬ 
ence  with  the  building  structure. 

The  monuments  are  very  precise  3.S  inch  diameter  steel 
spheres  that  hold  optical  targets  at  the  geometric  center  of  the 
sphere:  the  target  remains  at  the  center  regardless  of  the  angular 
position  of  the  sphere.  The  spheres  rest  in  stainless  steel  cups 
epoxied  into  the  concrete  floor,  and  fitted  with  a  protective  cover 
when  a  sphere  is  not  installed.  These  primary  monuments  each 
have  X,  y,  and  z  coordinates  in  the  global  coordinate  system. 

Additional  secondary  monuments  of  the  brass  plug  type  with 
scribe  marks  are  used  as  required  in  the  ring  and  especially  in  the 
transport  line  to  simplify  optical  tooling  setups. 
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in.  Tolerances 

The  tolerance  definition  is  based  on  a  Gaussian  distribution 
Md  the  values  below  represent  one  standard  deviation  (1  a).  The 
dipole  tolerances  are  relative  to  the  primary  monument  network; 
the  quadrupole  tolerances  are  relative  to  the  neighboring  di¬ 
poles.  The  largest  acceptable  tolerance  for  any  single  item  is 
twice  the  1  a  value. 

The  tolerances  must  include  the  total  of  all  the  errors  gener¬ 
ated:  the  error  from  magnetic  center  to  pole  tip,  the  lamination 
edge  feature  with  respect  to  the  pole  tip,  the  survey  target  to 
lamination  edge  feature  repeatability,  the  survey  error,  and  the 
alignment  tolerance. 


Table  1.  Tolerances  of  ring  magnets 


DIPOLES 

QUADRUPOLES 

X 

0.60  mm 

0.30  mm 

y 

0.60  mm 

0.30  mm 

z 

0.60  null 

0.50  mm 

pitch 

l.Omrad 

1.0  mrad 

yaw 

1.0  mrad 

1.0  mrad 

roll 

0.34  mrad 

0.80  mrad 

IV.  Instrumentation  and  Data  REDuaioN 

The  alignment  of  the  ring  magnets  is  performed  in  a  two-tier 
hierarchy.  First,  the  dipoles  are  aligned  relative  to  the  primary 
monument  network,  and  then  the  girders  with  quadrupolcs  and 
sextupoles  are  aligned  relative  to  the  dipoles.  The  linac  and 
transport  line  are  aligned  with  respect  to  the  primary  monument 
network. 

For  preliminary  placement  of  all  the  magnet  supports,  and 
for  final  alignment  of  the  dipole  magnets  relative  to  the  geodetic 
coordinate  system,  an  industrial  measurement  system  (IMS)  is 
used.  A  typical  IMS  system  has  at  least  two  electronic  Uieo  Jo- 
lites  which  can  measure  vertical  and  horizontal  angles  to  0.5  arc 
seconds.  The  theodolites  enter  digitized  angular  (feta  into  a 
minicomputer  for  conversion  into  x,  y,  and  z  coordinates. 

Leveling  of  magnets  and  stands  is  accomplished  with  the  use 
of  a  precision  optical  level,  accurate  to  0.025  mm  at  distances  up 
to  20  meters. 

Alignment  of  the  quadrupoles  and  sextupoles  relative  to  the 
neighboring  dipoles,  as  well  as  alignme.'^it  of  some  magnets  on 
the  transport  line,  is  accomplished  with  an  op  ica'  tooling  setup 
that  measures  offsets  (see  figure  2).  Tne  optical  tooling  scales 
are  fitted  with  interchangeable  feet  thai  have  either  a  round  end 
for  use  against  the  laminations  directly,  or  a  conical  seat  for  use 
with  tooling  balls. 


Fipuie  2.  Optical  tooling  setup  for  measuring  offsets. 


V.  Fiducjalization  of  Magnets 

The  magnetic  axis  determines  the  path  of  the  particles  through 
the  magnetic  field.  The  magnetic  axis  is  virtual,  and  needs  to  be 
related  to  physical  fiducials  on  the  outside  of  the  magnet.  In  this 
application,  the  mechanical  axis  of  the  magnet  is  sufficiently 
collincar  with  its  magnetic  axis  to  allow  individual  pedigrees  for 
each  magnet  to  be  avoided.  Since  all  laminations  for  any  one 
magnet  are  stamped  from  a  single  die  set,  all  outside  edges  and 
features  stamped  into  tlie  laminations  carry  a  high  dimensional 
accuracy  with  respect  to  the  pole  tips.  The  relative  position  of 
the  mechanical  center  to  features  such  as  notches  and  edges  on 
the  outside  edges  of  the  laminations  can  be  readily  determined. 
These  features  are  used  to  locate  fixtures  which  incorporate 
fiducials,  and  the  position  of  the  fiducials  relative  to  the  me¬ 
chanical  axis  is  known  within  a  certain  tolerance. 

For  example,  at  each  end  of  each  dipole,  on  the  magnet 
midplane,  is  a  welded  tab  with  a  precision  0.250  inch  diameter 
hole  (see  figure  3).  The  relationship  between  this  hole  and  the 


Figure  3.  Fiducial  on  the  dipole  midplane. 
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mechanical  center  of  the  magnet  is  known  to  be  within  ±0.15 
mm  in  the  x-z  plane.  The  holes  will  accept  either  theodolite 
targets  or  tooling  balls,  and  are  sufficient  to  align  the  dipoles  in 
X,  z,  and  yaw.  The  tabs  were  located  with  a  large  aluminum 
tooling  plate  which  keyed  to  the  magnet  in  a  reproducible  and 
determinate  fashion.  The  magnetic  measurements  were  also 
referenced  to  this  plate,  so  that  if  it  becomes  necessary  to 
pedigree  the  magnets  later,  there  is  a  known  mechanical  rela¬ 
tionship  between  the  magnetic  measurements  and  the  fiducial 
positions. 

the  magnets  are  aligned  in  roll  with  bridge  fixtures  contain¬ 
ing  20  arc  second  bubble  levels.  The  fixtures  rest  on  the  unpainted 
surfaces  on  top  of  the  magnets  (see  figure  4). 


Figure  4.  Bridge  fixture  on  quadrupole  magnet, 
showing  20  arc  sec  bubble  level. 

VT  '  lAGNET  Supports  and  Adjustments 

Eac.;  nng  dipole  stand  has  three  adjustable  legs.  The  leg 
adjustments  are  used  together  for  aligning  all  six  degrees  of 
freedom.  The  horizontal  screws  allow  adjusunent  in  x,  z,  and 
yaw,  and  the  vertical  threaded  rod  and  nut  allow  adjustment  in  y, 
roll,  and  pitch. 

The  quadruple  and  sextupolc  stands  have  similar  adjust¬ 
ments  for  adjusting  the  entire  suaight-seefion  girder  (see  figure 
5).  The  individual  magnets  on  each  slvired  girder  also  have 
provisions  for  adjusUnent,  using  jackscrews  for  all  six  degrees 
of  freedom. 


Figure  S.  Adjustable  legs  on  multipole  magnet  girders. 


VII.  Alignment  Procedure 

The  dipoles  arc  leveled  and  set  at  the  correct  height  by  using 
the  roll  fixtures  and  an  optical  level,  with  adjusunents  being 
made  on  the  three  large  vertical  nuts  on  the  support  base.  A  10 
ton  hydraulic  jack  is  necessary  to  partially  relieve  the  load  on  the 
adjusting  screw  for  vertical  adjustments  on  the  dipoles. 

The  IMS  is  used  to  determine  the  x-z  coordinates  of  the 
dipole  fiducials;  these  arc  compared  with  the  ideal  values,  and 
corrections  to  the  x-z  coordinates  arc  computed.  The  magnet  is 
then  fitted  with  dial  gauges  to  measure  motion  in  the  x-z  plane, 
and  moved  the  calculated  amount  with  the  horizontal  push 
screws. 

Each  of  the  quadrupolc  and  quadrupolc/scxtupole  straight 
section  girders  (complete  with  magnets  and  vacuum  chambers) 
is  installed  as  one  assembly  on  the  support  base,  with  the 
adjustment  system  set  midrange.  Leveling  is  performed  first 
with  a  roll  fixture  and  the  optical  precision  level  for  pitch  and  y. 
Next,  z  is  set  with  an  inside  micrometer.  Finally,  x  and  yaw  are 
set  with  an  optical  I'xjling  setup  between  adjacent  dipoles.  A 
reference  plane  is  set  up  by  using  a  jig  transit  bucked  into  the 
fiducials  the  ends  of  the  dipoles.  Measuring  horizontal  offsets  to 
this  plane  allows  setting  x  and  yaw. 

A  final  survey  is  then  made  on  all  magnets  to  ensure  that  they 
are  within  the  tolerances  specified. 
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OF  TO  RESIDUAL  ACTIVATION  IN  THE  AGS' 


K.  A.  BROWN 

BROOKHAYEN  NATIONAL  LABORATORY 
u™n,  new  YOl^  11973 


AbSTRAGTt  and  INTRODUCTION 

•StudiM  of  beam' loss -uid  activation  at  the  AGS  have 
prbvi^  •  letter  undershmding  of  measurements  of  beam  loss 
wd  how  Aey  tmy  be  to  predict  activation.  Studies  have 
beat  d(me  in  which  first  order  correlations  have  been  made 
betwecQ^meawredvi^m  losses  on  the  distributed  ionization 
chmber  system,  in  the  AGS  and  the  health  physics  recorded 
residual  activation.  These  studies  have  provided  important 
insight  into  the  ionization  chamber  system,  its  limitations,  and 
ite\^fiihiess  in  the  prediction  of  activation  based  on  moni* 
toi^  beiun  loss. 


lii  recent  years  the  AGS  has  run  high  intensity  protons 
primarily; for  rare  kaon  decay  experiments.  Iti-iiiia  mode  of 
running  the  AGS  typically  accelerate  beam  from  an  injection 
momentum  of 0.644  GeV/c  up  to  a  slow  extractecl  beam  (SEB) 
momentam  of  24.2  GeV/c.  the  beam  intensitie  are  on  the 
order  of  4.5  x  10”  protons  per  AGS  cycle  at  injection  to  as 
high  as  1.9  x  10”  protons  per  AGS  cycle  at  extraction. 
R^idual  activation  varies  around  the  AGS  ring  from  the  older 
of  S  mR/hour  to  levels  of  the  order  at  5  R/hour.  The  highest 
levels  occur  around  the  AGS  beam  catcher  and  the  extraction 
equipment; 

Comparing  beam  loss  to  activation 

The  dose  rate  from  activation  induced  by  high  energy 
particles  interacting  with  a  material  such  that  a  large  number 
of  isotopes  are  produced  can  be  expressed  by  [1,2] 

D  =  it  5  /«  (1  +  T/t),  (1) 

Where  5  is  the  number  of  high  energy  particles  per  interaction 
and  it  is  a  constant  for  any  set  of  irradiation,  target  and 
geometrical  conditions.  The  time  T  is  the  amount  of  time  the 
material  was  bombarded  with  high  energy  particles  (the 
irradiation  time)  and  the  time  t  is  the  time  elapsed  after  the 
bombardment  stopped  (the  cool-down  time).  There  are  two 
basic  assumptions  behind  this  relationship.  The  first  is  that  a 
sufficiently  large  number  of  different  isotopes  are  produced  by 
spallation  reactions  such  that  the  half-life  distribution  among 
isotopes  can  be  approximated  by  a  continuous  function.  The 
second  assumption  is  that  since  activity  is  not  measured  until 
after  over  IS  minutes  of  cool-down  has  lapsed  and  before  a 


period  of  two  years  has  elapsed,  reasonable  limits  can  be 
placed  on  this  continuous  function  to  enable  a  relatively  simple 
expression  to  be  derived  [3,4,5]. 


There  are  120  ionization  chamber  monitors  distributed 
around  the  AGS  ring,  one  every  3°  of  the  accelerator  circum¬ 
ference.  Each  monitor  is  located  oh  the  underside  of  the  main 
magnet  girders  along  the  outside  of  the  ring.  Each  subtends 
two  main  magnets,  these  monitors  were  sampled  at  regular 
intervals  while  the  AGS  was  running  for  its’  physics  program. 
At  the  end  of  the  run  a  total  of  N  measurements  had  been 
made  of  beam  distributions  around  the  ring.  A  single  mea¬ 
surement  is  called  r  ((j>,  c,  n),  where  (}>  is  the  position.(every 
3®),  6  corresponds  to  beam  energy,  and  n  represents  one  of  N 
samples,  Since  the  effect  of  a  beam  loss  decreases  at  some 
rate  R,,  where  corresponds  to  a  measurement  made  at  a 
time  t,,  then  the  weighted  average  beam  loss  distribution  at  the 
end  of  the  physics  run  will  be; 

E  r  (4>,e,«)  •  Rn 


<r  (<J>,e)>  = 


E/&I 


(2) 


n 


By  taking  Rn  as 


R  = 


(n 


1  + 


Ci) 


where  t^  is  the  amount  of  time  for  beam  loses  (i.e.;  beam  is 
accelerated  for  ~  sec  so  L,  is  taken  as  O.S  sec),  and  t;  is 
the  time  at  which  the  run  ended,  then  the  measured  beam  loss 
is  now  weighted  to  the  decay  rate  of  the  induced  activation. 


The  absolute  amount  of  beam  lost  is  measured  using  beam 
current  transformers.  These  also  were  sampled  at  regular 
intervals  for  the  duration  of  the  physics  run.  The  weighted 
average  beam  loss  at  an  energy  e  for  the  entire  run  is  then 


E5(e,«)  •  Rn 


(4) 


The  measured  beam  loss  distribution  around  the  AGS  is 
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E<r  (<t),€)> 

<t> 


(5) 


;The>  backgr6tod:  activation  arid -the  background  activation 
d^y  rate  were  rii^ur^  before  the  physics  run  began.  The 
;actiyatiori\add^  during  ;the  physics  furiiW^  then  calculated 
irbm  theiactiyatipn  iri^ur^  just  after  the  physics  run  ended. 
So  at  a  particuiaf ;i^ti6ri  (^.the  added  activation  due  to  beam 
iqst'during  the  physics  rim  is 

D  (4.)  =  E  *  (0  •  <«<l>,0>  •  ^  (6) 

lot 


where  R-  =  /n(l  +  T/t);  (7) 

Sirice  the  amourit  of  material  between  a  point  of  a  beam 
lossi  wdithe  point  of  which  scattered  particles  interact  with 
the  .ionization  chamber  is  not  a  constant,  the  value  of  k  will 
yary  with  the  changing  thickness  of  material  around  the  ring. 
This  is  because  the  variations  in  the  amourit  of  target  raateri- 
al/ab^r^r  will  cause  variations. in  Jhe  measured  loss  in  the 
ioniution  chambers.  Since  there  is  a  distinct  periodicity  in  the 
location  of  elements  in  the  .  AGS  then  these  variations  in  k 
shpujd  show  up  systematically  around  the  AGS.  In  order  to 
try  to  normalize  out  these  geometrical  variations  the  above 
relationship  is  altered  slightly.  So, 


0  («{>)  =  s  •  <m> '  R  (8) 


In  the  AGS  <((e)>  occurs  only  at  three  particular  times  in 
the  accelerator  cycle.  This  simplifies  the  above  sum  to  just 
three  terms  and  this  reduces  the  problem  to  n  equations  with 
3n/12  +  3  unknowns.  If  g(4»)  is  not  independent  of  energy 
then  there  are  n/12  +  3  unknowns.  For  120  monitors  we  can 
have  as  many  as  33  unknowns  (the  periodicity  of  the  AGS 
lattice  is  12). 


Data  and  Results 

The  results  presented  in  this  report  represent  the  combina¬ 
tion  of  data  taken  during  two  SEB  physics  runs  at  the  AGS. 
When  necessary,  I  distinguished  between  these  two  runs  by 
labeling  them  RUNl  and  RUN2,  respectively. 

Figure  1  is  an  example  of  the  activation  added  during 
RUN2.  The  uncertainty  in  these  estimates  is  about  ±  50%. 

The  weighted  average  beam  loses  are  given  in  Table  1  below. 


Table  1  Values  of  <f  (el  > 
Irrad.T  Cool  t  Inject.  Trans. 

(Hours)  (Hours)  (200  MeV-1  GeV  (8  GeV) 

_ per  hour) _ per  hour 

5.75  t.9xlo'*  8.3 

2.8  X  to'* 


Ej.t. 

(24  GeV) 


3.4  X  lo'^ 


Figure  1  Estimated  Added  Activation 
RUN2 


AGS  Superperiods 


The  uncertainty  in  the.se  values  varies  but  are  of  the  order 
of  ±  10  -  25%.  An  example  of  the  weighted  average  beam 
loss  distributions  at  transition  energies  and  at  extraction 
energies  are  shown  in  Figures  3  and  4.  These  are  also  from 
RUN2.  Uncertainties  in  these  values  also  va.*-)  but  are  on  the 
order  of  ±  100%. 

Values  for  k/g  were  calculated  using  equ;ttior  (8).  As  can 
be  seen  in  Figures  1,  2  and  3  beam  losses  tend  to  be  concen¬ 
trated  in  certain  areas.  This  greatly  reduces  the  number  of 
usable  measuiements.  Figures  4  and  5  shcAV  the  resulting 
values  of  k/g  for  transition  energy  losses  and  extraction  energy 
losses  versus  other  positions  in  a  superperitxi.  (The  e-xact 
location  is  given  as  a  label  for  the  data  point,  i.e.,  LIO,  G  .4, 
etc.)  In  both  figures  it  can  be  seen  that  values  of  k/g  foi  t.  e 
upstream  h-alf  of  a  superperiod  (first  10  magnuts)  are  ci'ni  i- 
tently  greater  than  values  for  the  downstre&m  half.  Th:';  i.. 
actually  quite  easily  explained.  In  the  AGS,  for  e'  cry 
superperiod,  the  first  10  mail  -g.nets  have  their  backi.-gs 
facing  toward  the  outside  of  the  ung  while  the  last  10  m-iin 
magnets  have  their  backlegs  facing  towards  the  inside.  S>nce 
loss  monitors  are  located  only  on  tlie  outside  the  dilfcrence 
becomes  obvious. 


Since  there  is  more  material  between  the  point  of  a  1  ss  and 
the  point  at  which  the  scatteied  flux  imerseeic  in  io  iizition 
chamber  in  the  upstream  ha'f  of  a  superperiod,  ilien  the  ex¬ 
pected  signal  from  the  chamber  would  be  smaller,  thuo  making 
{  smaller  and  giving  a  la*-  value  for  k/g.  So  at  e^st  two 
values  of  g  can  be  determined  for  each  energy.  In  T.tble  2  the 
values  for  k/g,  k,  and  g  are  presented. 


RUNl  455 
RUN2  1000 


46.0 


1.2  X  lO'^  6.0  X  lo''* 
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Figure  2  Wt.  Av.  Loss  Distributions 
RUN2  Transition  Losses 
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Figure  3  Wt.  Av,  Loss  Distribution 
RUN2  Extraction  Losses 


Figure  4  Value  of  k/g  vs.  Position 
Transition  Energy 
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Table  2  Average  Values  of  k/g,  k  and  g 
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{Units  for  VJg  and  k  are  mR/hour/prolon/hour} 


Figure  5  Extraction  Energy 


CONCLl.SION 

An  understanding  of  the  AGS  ionization  chamber  system 
has  been  greatly  improved.  At  high  energies  there  appears  to 
be  at  least  a  factor  of  2  difference  in  response  between 
monitors  in  the  upstream  and  downstream  halves  of  a  super¬ 
period.  At  lower  energies  this  factor  appears  to  get  even 
larger.  By  measuring  the  absolute  amount  of  loss  in  the 
different  locations  around  the  AGS  it  is  possible  to  predict 
within  ±  50%  the  maximum  .'mount  of  activity  induced  in 
those  areas. 
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Abstract  II.  ELECTRON-WALL  INTERACTION 


The  condition  of  y-ray  emission  is  reported  on  medium 
energy  electron  storage  rings.  Tlte  electrons  interact  with  the 
wall  during  injection  and  after  being  scattered  by  residual  gas 
molecules  or  by  mutual  Grulomb  interaction  while  circulating 
in  the  ring.  It  is  shown  that  the  location  where  heavy 
interaction  occurs  can  be  determined  from  the  injection 
condition  and  the  design  condition  of  the  electron  orbit.  The 
angle,  by  which  the  electrons  impinge  on  the  wall,  is  usually 
about  1“  or  less  to  the  surface.  The  y-ray  emitted  to  the  side 
of  building  walls  in  this  case  can  be  effectively  shielded  by  the 
material  located  along  the  beam  ducts.  An  important  point  is 
that,  in  shallow  impinge  of  electrons,  convergent  y-  ray 
emission  occurs  in  the  back  scattering  direction  of  electrons. 
By  Installing  additional  shielding  materials  for  this  convergent 
emission,  the  thickness  of  building  shielding  walls  can  be 
effectively  alleviated. 

I.  INTRODUCTION 

Synchrotron  radiation  emitted  from  medium  energy  electron 
storage  rings  is  a  candidate  to  be  used  for  lithography  to 
produce  future  large  scale  integrated  circuits.  Since  the 
machine  L  to  be  used  in  the  industrial  community,  the  cost 
effectiveness  becomes  an  important  issue.  This  is  also  the  case 
for  the  building  structure  to  shield  y-ray  and  the  accompanied 
neutrons.  This  paper  analyses  the  process,  in  which  the 
electrons  interact  with  the  wall,  and  tries  to  propose  an 
effective  way  to  shield  y-ray. 

It  is  well-known  that  the  y-ray  is  convergently  emitted  in 
the  direction  of  electron  path  w^y  and  tlusi  the  accompanied 
neutron  emission,  in  contrast,  is  rather  isotropic.  It  has  been 
shown  that  the  y-ray  Is  self-shielded  by  the  target  and  its 
emission  tends  to  be  isotropic  when  electrons  collide  on  the 
target  in  grazing  incidences  (11.  This  is  considered  to  be  a  key 
to  effectively  reduce  the  thickness  of  the  building  shielding 
wall.  This  paper  is  organized  as  follows.  In  Sec.  2,  electron- 
wall  interaction  in  beam  ducts  is  analyzed,  showing  that  the 
electrons  impinge  on  the  wall  in  very  shallow  angles  and  that 
the  location,  where  severe  interaction  occurs,  can  well  be 
identified  depending  on  magnet  lattice  structures  and  on 
electron  scattering  mechanisms.  Sec.  3  describes  the  y-ray 
emission  for  far  grazing  incidence  of  electrons.  Sec.  4 
discusses  how  to  put  additional  shielding  materials  to  alleviate 
the  thickness  of  building  shielding  walls,  which  is  followed  by 
conclusions  in  Sec.  5. 


In  usual  multi-turn  injection,  the  electron  orbit  is  rather 
slowly  retrieved  to  the  original  position  to  try  to  keep  the 
injected  amount  highest.  The  electrons  inevitably  interact  with 
the  inflector  wall  in  this  method  [2],  The  incident  angle 
(measured  from  the  wall  surface)  in  this  case  is  given  by  [3] 


Xi’=  A,Y.i. 

(1) 

Ai=  (Xbj  -  >0"/P,i , 

(2) 

Y,i  =  (l+a\i)/P.i  , 

(3) 

0,1  =  -P'.i/2  , 

(4) 

where  the  subscript  i  denotes  the  inflector  location,  is  the 
horizontal  displacement  of  the  injection  point,  is  the 
retrieving  orbit  center,  and  P,  is  the  horizontal  betatron 
function.  Suppose  Xj^j  »  0.045  m,  x^  =  0  to  make  the  value  of 
x’l  maximum,  p,,  =  5  m,  and  P',j  =  4,  the  x'|  obtained  is  0.02 
rad  (1.1°).  It  should  be  pointed  out  that  during  injection  the 
electrons  interact  with  the  wall  mainly  at  the  inflector  location, 
once  the  closed  orbit  distortion  is  corrected. 

Initial  large  orbit  oscillation  of  injected  beams  is  reduced 
by  radiation  damping.  The  electrons,  thereafter,  impinge  on 
the  wall  surface  only  when  they  receive  large  scattering  either 
by  interaction  .vith  residual  gas  molecules  or  by  mutual 
Coulomb  interaction,  ^i’  .*,  in  elastic  scattering  with  residual 
gas  molecules,  the  be.(  r  .i  oscillation  itself  is  increased. 
Since  the  duct  size  is  usually  smaller  in  the  vertical  direction, 
the  interaction  occurs  when  the  vertical  oscillation,  given  by 
the  following  equation,  is  beyond  the  wall  position. 

y=0,P,..  (5) 

where  0,  is  the  scattering  angle,  p^  is  the  vertical  betatron 
function  at  the  interaction  point,  and  p^^  is  the  one  where  the 
scattering  takes  place.  After  averaging  with  respect  to  the 
clastic  scattering  throughout  the  ring,  the  value  of  Gj,  which  is 
necessary  for  electrons  to  hit  the  wall,  is  given  by 

=  V  P>P>  (6) 

where  A^  is  the  duct  half  height,  and  P^  is  the  value  averaged 
along  the  beam  orbit.  According  to  the  equation  of  Moeller 
scattering  [4j,  the  dependency  of  the  total  cross-section  in 
elastic  scattering  is  given  as 
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(7) 


1 


Oj  «  1/0^^  «  PyPy/A^ 

diowini;  that  the  probability  of  electron-wall  interaction  in  this 
cast  IS  almost  linear  to  the  value  of  Py  in  each  position.  After 
ahaijTang  the  beam  trajectory  in  phase  space,  the  following 
incident  angle  is  obtained  as  the  most  typical  value. 


y\  = 

(8) 

ct,  =  , 

(9) 

e,  =  AyVPy . 

(10) 

Taking  Ay  =  2  cih,  py  =  8  m,  and  p'^  =  7  as  an  example,  the 
value  of  y'„  is  0.0087  rad  (0.52'^.  General  trends  are  that  the 
larger  0^  which  is  of  smaller  probability,  gives  the  larger  y', 
because  the  electron-wall  interaction  occurs  in  the  smaller  p,. 

The  other  way  of  interaction  with  residual  gas  molecules  is 
Bremstrahlung  radiation  induced  by  nuclear  atoms  and  direct 
interaction  with  the  molecule  orbital  electrons.  In  these  two 
processes  as  well  as  in  mutual  Coulomb  interaction,  the 
electrons  loose  the  energy  beyond  the  aperture  of  rf 
acceleration.  After  circulating  numerous  times  in  the  ring,  they 
reach  the  energy  in  which  the  electron  orbit  displacement  is 
beyond  the  wall  position.  It  is  evident  that  the  electron-wall 
interaction  of  this  kind  occurs  near  the  place  where  the 
momentuni  dispersion  iunction  t)  is  maximum.  The  typical 
incident  angle  in  this  case  is  given  by 

X’w  “  ri’w  .  (11) 

where  A,  is  the  horizontal  duct  half  size,  and  the  subsaipt  w 
means  the  typical  position  near  the  maximum  ti.  Taking  A,  = 
5  cm,  Ti  *  =  1.5,  and  =  4  m  as  an  example,  the  value  of 
X’*  is  0.019  (1.1"). 

The  numerical  examples  stated  in  this  section  are  what  we 
think  most  probable  for  each  case.  These  values  may  be 
increased  mainly  depending  on  the  magnet  lattice  structures. 
We  would  further  state  that  this  increase  is  within  a  factor  of 
2  in  the  kind  of  the  machines  related  to  this  study. 

III.  y-RAY  EMISSION 

Electromagnetic  intcracilor  process  between  electrons  and 
wall  materials  for  very  shallow  incidence  of  electrons  was 
simulated  by  using  the  Monte  Carlo  computer  code  EGS4 
written  by  Nelson  et  al.  [5].  Fig.  1  shows  the  angular 
dependence  of  the  y-ray  emission  for  the  electron  energy  of  1 
GeV  and  the  incident  angle of  1".  To  show  the  dependence, 
the  angle  'F,  was  counted  in  the  direction  in  which  the  y-ray 
goes  through  the  target.  Since  the  target  is  the  duct  wall  in 
real  cases,  this  direction  is  hereafter  called  a  wall  side.  When 
the  target  thickness  d  is  2  mm,  the  line-of-sight  electron  path 
length,  d/sin  'F,,  is  11.4  cm.  This  indicates  that  the  incident 
electrons  still  have  an  energy  of  several  10  MeV  when  they 
come  out  of  the  wall.  The  y-ray  emission,  therefore,  has  a 
peak  in  the  direction  of  incident  electrons.  When  the  d  is 


Fig.  1  Angular  dependence  of  the  y-ray  emission  for  the  electron 
energy  of  1  GeV,  the  incident  angle  of  1°,  and  different 
target  thicknesses  (d).  The  enrission  is  the  mean  value  inside 
the  emission  angle. 

increased  to  2  cm,  the  incident  electrons  are  completely 
stopped  in  the  forward  direction.  The  y-ray  produced  near  the 
entrance  region  is  effectively  shielded,  which  results  in 
disappearance  of  the  convergent  emission.  The  scattered 
electrons,  by  the  way,  yield  slightly  higher  y-ray  emission  near 
'F,  =  90",  compared  with  the  case  for  d  =  2  mm.  By 
increasing  the  d  to  5  cm,  the  y-ray  emission  becomes  much 
less  than  the  d  =  2  mm  case  throughout  the  emission  angle. 

The  convergent  y-ray  emission  always  exists  in  the  electron 
backscattering  direction,  which  is  hereafter  called  a  vacuum 
side.  Fig.  2  compares  the  angular  dependence  of  the  y-ray 
emission  of  the  vacuum  side  in  d  =  5  cm  with  the  one  of  the 
wall  side  in  d  =  2  mm.  The  electron  energy  and  the  incident 
angle  are  the  same  as  for  Fig.  1.  The  y-ray  emission  of  the 
vacuum  side  is  observable  over  Vj  =  1°  in  the  figure.  It  has 
a  peak  near  'F,  =  2.5",  the  maximum  value  of  which  is  about 
a  forth  of  the  emission  in  d  =  2  mm  and  'F,  ~  0°.  Although 
the  vacuum  side  emission  becomes  slightly  larger  than  the  wall 
side  one  for  d  =  2  mm  over  W,  =  10",  these  two  curves  behave 
quite  similarly  in  the  region  >  2.5",  indicating  that  the 
shielding  effect  for  the  released  y-ray  is  accidently  comparable 
between  these  two  cases. 

IV.  DISCUSSION 

It  was  shown  that  the  place,  where  electron  impinge  on  the 
wall  is  highly  localized,  is  injection  sections  and  near  the 
position  with  The  scheme  of  local  shielding  for  the  latter 
is  shown  in  Fig.  3.  It  is  common  in  separ.Hted  function  lattices 
that  the  ri^  is  located  in  quadrapole  magnets.  To  shield  the 
wall  side  emission,  additional  shielding  material  is  installed 
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Fig.  2  Angular  dependence  of  (he  y-ray  emission  for  the  wall 
side  in  d=2  mm  and  for  the  vacuum  side  in  d=5  cm. 


Fig.  3  Anangement  of  local  shielding  for  straight  sections:  1 
quadrapole  magnet;  2  bending  magnet  and  3  shielding 
material. 

along  the  beam  duct.  Special  care  was  taken  for  the  vacuum 
side  emission,  since  the  convergently  emitted  y-ray  can  reach 
bending  sections  and  go  through  the  gap  of  magnet  iron  cores. 
Additional  shielding  blocks  are  installed  in  front  of  the  straight 
section,  the  detailed  arrangement  of  which  should  be 
determined  depending  on  the  neighboring  hardware  structures. 
As  for  the  y-ray  emission  from  the  injection  sections,  thin 
inflector  walls  give  highly  convergent  emission  which  is 
something  like  the  wall  side  env'ssion  for  d  =  2  mm  plus  the 
vacuum  side  emission.  Local  shielding  should  properly  be 
designed  considering  these  angular  dependences. 

The  y-ray  emission  in  the  bending  sections  is  mainly 
attributed  to  the  electrons  elastically  scattered  by  residual  gas 
molecules.  As  was  described  in  Sec.  2,  the  electron  impinge 
in  this  case  is  in  vertical  direction.  Tlie  y-ray  emitted  on  the 
wall  side  is  therefore  shielded  by  the  magnet  iron  core.  The 
important  matter  again  is  the  vacuum  side  emission  which  can 
go  through  the  iron  core  gap.  The  point,  which  is  different 
from  the  case  ii’  the  straight  sections,  is  that  the  electron-wall 
interaction  is  distributed  depending  on  the  fly  value  and  that  the 
y-ray  emission  direction  is  correspondingly  distributed,  as  is 
shown  in  Fig.  4.  If  one  calculates  the  y-ray  absorption  at  any 
point  near  the  bending  magnet,  the  following  equation  may  be 


Fig.  4  y-ray  emission  from 
bending  sections: 

1  electron  orbit; 

2  emitted  y-ray; 

and  3  estimation  point. 


applied  for  an  order  of  estimation. 

=  (12) 

where  is  the  reference  value  which  is,  in  this  case,  the 
emission  at  ~  OP  in  d  =  2  mm  in  Fig.  1,  f^  denotes  the 
fraction  of  all  the  stored  electrons  which  impinges  on  the  wall 
after  elastic  scattering  with  residual  gas  molecules,  is  the 
mean  ratio  of  the  vacuum  side  emission  with  the  reference 
emission,  f),is  the  fraction  of  the  elastically  scattered  electrons 
whose  y-ray  emission  has  a  chance  to  project  any  estimation 
point  near  the  bending  magnet,  and  f  denotes  the  averaging 
factor  by  integration  with  respect  to  projecting  directions  and 
lengths.  Although  the  exact  value  of  each  f  should  be 
determined  by  detailed  simulation  analysis,  we  would  suggest 
to  use  the  following  to  draw  a  crude  image:  fj  =  1/3;  fy  =  1/2; 
ft,  =  1/8;  and  f,  *  1/10.  These  conditions  give  =  V^80, 
indicating  that  almost  no  additional  shielding  is  necessary  for 
the  related  y-ray  emission. 

V.  CONCLUSIONS 

The  condition  of  y-ray  emission  was  studied  on  medium 
energy  electron  storage  rings.  It  was  shown  that  the  location 
where  heavy  electron-wall  interaction  occurs  can  well  be 
identified  and  that  electron  impinge  takes  place  in  shallow 
angles.  Effective  ways  to  shield  the  convergently  emitted  y- 
ray  were  proposed  on  the  basis  of  the  angular  dependences  of 
the  emission.  It  should  be  pointed  out  that  the  convergent 
emission  is  mainly  attributed  to  electron-wall  interaction  in 
straight  sections  and  that  the  emission  from  bending  sections 
themselves  is  more  or  less  divergent. 
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Abstract 

A  model  for  calculating  induced  radioactivity  by  a 
pulsed  primary  high  energy  beam  has  been  developed. 
This  model  is  consistent  with  the  formalism  for  con¬ 
tinuous  beam  by  Barbier[l].  The  method  predicts  the 
radioactivity  of  one  of  the  earlier  Fermilab  antiproton 
production  targets  quite  well. 

I.  INTRODUCTION 

A  quantitative  understanding  of  the  induced  radioac¬ 
tivity  in  the  parts  of  a  high  energy  particle  accelerator 
and  particle  detectors  has  been  a  topic  of  interest  for  a 
long  time.  A  theory  of  induced  radioactivity  by  a  con¬ 
tinuous  beam  of  high  energy  particles  on  a  thick  target 
has  been  developed  [1].  But  the  particle  beams  irom 
a  high  energy  synchrotron  are  pulsed,  sometimes  with 
pulse  repetition  rate  of  several  seconds.  For  example, 
the  proton  beam  used  to  produce  pbars  at  Fermilab 
has  pulse  length  of  1.6|i  see  and  a  pulse  separation 
of  about  2.0  sec.  In  this  report  a  model  of  residual 
gamma  ray  activity  of  a  target  which  is  exposed  to 
pulsed  beams  is  developed.  An  expression  to  be  used 
in  any  such  calculations  is  derived  and  applied  to  pre¬ 
dict  the  activity  of  the  Fermilab  pbar  source. 

II.  CALCULATION  OF  GAMMA-RAY 
ACTIVATION 

When  a  high  energy  particle  interacts  with  a  nucleus 
it  may  be  elastically  scattered  knock  out  some  nuclei 
or  create  some  new  high  energy  particles.  The  ener¬ 
getic  secondary  particles  also '  aduce  nuclear  reactions. 
This  gives  rise  to  nuclear  and  electromagnetic  showers. 
Each  nuclear  reaction  center  is  called  a  star.  If  the  re¬ 
sulting  nuclei  are  unstable,  they  will  de-excite  by  boil¬ 
ing  off  neutrons,  gamma  rays,  beta  rays  or  by  emitting 
internal  conversion  electrons.  Each  decay  process  will 
be  characterised  by  its  individual  decay  constant.  A 
previous  study[2]  in  the  energy  range  from  3GeV  to 
30GeV  on  the  formation  cross  sections  for  various  ra¬ 
dioactive  nuclei  in  a  copper  target  indicated  no  energy 
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dependence.  Based  on  similar  observations  on  many 
target  materials  the  cross-section  for  formation  of  any 
radioactive  nucleus  produced  in  the  interaction  of  high 
energy  particle  has  been  parameterised  [1].  However  a 
more  precise  calculation  might  need  additional  exper¬ 
imental  data  on  decay  constants  and  formation  cross 
sections  in  order  to  take  into  account  the  effect  of  every 
individual  product. 

Total  gamma  ray  radiation  dose  rate  D  of  a  target 
in  (R/hr),  which  is  bombarded  by  high  energy  particle 
beam  is. 


i  ^  *  fc 


Jv  iit{X  +  d)*  '  ^ 

where  A  is  a  constant  to  express  results  in  terms  of 
(R/hr).  ^  is  the  activity  of  the  source  (a  deriva¬ 

tion  of  an  expression  for  the  pulsed  primary  beam  is 
given  in  Appendix  A  ).  U,  Ey{k),  Vj  and  Xj  are  re¬ 
spectively  the  cooling  time  (sec),  energy  of  gamma  ray 
(MeV),  the  formation  cross  section  of  j  (in  mb/sr),  ra- 
^oactive  decay  constant  for  j  (in  $ec~  I  )  No  is  the 
number  of  primary  beam  particles  per  pulse,  if  is  the 
pulse  repetition  time  (sec).  ti{Ejk)  is  the  attenuation 
coefficient  of  the  gamma  ray  in  the  target  materiBl( 
cm~^).  p,  is  the  star  density  of  nuclear  interactions 
(cc~^  ).  t/  is  the  total  time  (sec)  that  target  has  been 
irradiated  with  the  primary  beam.  The  constant  A  [3] 
is  given  by, 

A  =  1.297E-ll/gm  if  X  and  d  are  in  meters 

A  =  6.0E-10/gm  if  X  and  d  are  in  ft 

if  the  activity,  ^  is  given  in  units  of  Curies.  Be¬ 
cause  of  the  spatial  dependence  of  the  star  density  in 
the  target  and  geometry  of  the  target,  it  is  difficult  to 
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evaluate  the  integral  in  Eq.  1.  However,  one  can  in* 
corporate  these  aspect:  into  a  Monte*Carlo  code  and 
estimate  the  dose  rate  exactly. 

We  have  made  calculations  for  pbai  target  used  in 
the  1988>89  collider  tun.  Predictions  have  been  com¬ 
pared  with  the  available  data.  In  all  of  the  calculations 
the  star  densities  have  been  generated  by  Monte-Carlo 
calculations  using  MARSIO  [4]  which  uses  a  hadron 
nucleus  interaction  model.  Further  we  assume  that 
the  source  of  radiation  is  situated  at  the  center  of  the 
target.  Thus  in  our  model  all  gamma-rays  undergo 
attenuation  by  the  same  amount  of  target  material  ir¬ 
respective  of  the  star  location.  This  assumption  is  rea¬ 
sonable  one  for  a  cylindrically  symmetric  target  with 


Figure  1.  Gamma  ray  attenuation  Coefficient  in 
Copper.  The  curve  represents  a  logarithmic  fit  to  the 
data. 


y-ray  Activity  of  1980-89  Pbar  Target 


Figure  2.  A  comparison  between  predicted  and  mea¬ 
sured  radioactivity  dose  rate  as  a  function  of  cooling 
time  for  one  of  the  Fermilab  pbar  target 


the  beam  along  the  axis  and  for  a  target  with  its  di¬ 
mension  much  smaller  than  the  distance  between  the 
detector  and  the  target  surface.  The  gamma-ray  atten¬ 
uation  coefficient,  /s,  can  be  obtained  by  a  logarithmic 
fit  to  the  data[l],  which  is  shown  in  Fig.  1.  About 
forty  radioactive  nuclei  (with  life  time  r  >  5  min  ) 
have  been  taken  into  account  in  our  calculations.  Fig. 
2  gives  a  comparison  of  the  prediction  and  the  mea¬ 
sured  value.  The  target  was  used  for  of  392  days  with 
total  of  292  days  of  irradiation  and  with  an  average 
N,  =  1.0E-fl2  p/pulse-see.  We  calculated  the  num¬ 
ber  of  stars  in  the  target  at  about  4  per  120GeV  pro¬ 
ton.  The  calculated  residual  radioactivity  is  in  good 
agreement  with  the  data.  However,  several  uncertain¬ 
ties  exist  in  the  method  of  measurement  to  get  these 
data  points.  The  radiation  detectors  used  to  measure 
target  activities  are  known  to  have  about  20%  instru¬ 
mental  uncertainty  in  their  measured  values.  Other 
large  source  of  uncertainty  could  arise  from  the  esti¬ 
mation  of  the  distances  between  target  to  the  detector. 
Also  one  has  to  notice  that  the  beam  axis  in  these  tar¬ 
gets  were  along  a  chord  of  a  cylindrical  rotating  target 
with  axis  of  rotation  perpendicular  to  beam  axis.  Un¬ 
der  these  circumstances  it  is  incorrect  to  assume  the 
source  of  the  gamma  radiation  is  at  the  center  of  the 
target.  Therefore  only  the  data  points  labeled  "  dose 
rate  at  contact”  have  been  used  to  compare  with  the 
predictions.  Better  data  are  essential  to  make  better 
comparisoiu. 

III.  SUMMARY 

A  theory  of  induced  radioactivity  has  been  devel¬ 
oped  for  pulsed  primary  high  energy  beam.  The  theory 
is  consistent  with  the  formalism  for  continuous  beam 
by  Batbier.  Attempt  has  been  made  to  compare  pre¬ 
dictions  with  the  available  data  from  targets  used  in 
the  previous  collider  runs  at  Fermilab  and  a  reasonable 
agreement  is  achieved. 
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Appendix  A 

INDUCED  RADIOACTIVITY  BY  A  PULSED 
HIGH  ENERGY  BEAM 

Let  N,  be  the  number  of  incident  particles  per 
pulse  and  let  the  time  intervals  between  two  succes¬ 
sive  pulses  be  tp.  As  a  result  of  interaction  between 
the  beam  and  the  target  many  radioactive  nuclei  are 
formed.  Let  ’jj  be  the  cross  section  for  formation  of  the 
radioactive  nucleus  ’j*.  The  radioactive  nuclei  may  be 
formed  in  their  ground  state  or  in  any  of  their  excited 
states.  But  the  excited  nuclei  decay  to  their  ground 
state  very  rapidly  (with  a  characteristic  life  time  of 
the  order  of  few  nsec  or  psec)  resulting  in  a  burst  of 
gamma  rays  within  a  few  microseconds  of  the  beam 
interactions.  The  unstable  nuclei  in  their  ground  state 
or  in  a  meta-stable  state  undergo  spontaneous  radioac¬ 
tive  decay.  The  number  of  radioactive  nuclei  of  the 
type  ’j*  formed  in  an  elemental  volume  dV  =  dxdyds 
at  the  end  of  the  interaction  of  the  first  beam  pulse  is 
given  by, 


these  newly  emitted  gamma  rays  at  (x,y,s)  in  the  tar¬ 
get  will  be  self  attenuated  by  the  target  material.  Let 
n{Ejh)  be  the  attenuation  coefficient  of  the  gamma 
rays.  Let  X(x,y,x)  be  the  thickness  of  the  target  ma¬ 
terial  through  which  a  gamma  ray  travels  before  it  is 
being  detected  by  a  detector  at  a  distance  d  from  the 
tuget.  Then 


dNf  =  N,<Tj 


1  - 
1  — 


4ir(X  +  d)» 


dV 


(5) 


The  instantaneous  gamma  decay  rate  of  this  isotope 
is  obtained  by  differentiating  Eq.  5  with  respect  to  i«. 


dH, 


die 


=  N,aiXi 


1  - 


idNi)x  =  N,dS<ri  (1) 

where  dS  s  p«(x,y,s)dV  is  the  number  of  stars  in  the 
volume  dV.  By  the  end  of  the  second  pulse  the  number 
of  radioactive  nuclei  *j*  left  is, 

{dNi)t  =  N,dSiri{l  +  e-*»*»)  (2) 


V)  *)  Jt;.  /-V 

^  4x(X  +  d)» 

Thus  the  total  gamma-ray  activity  of  the  target  will 
be  the  sum  of  activities  of  all  gamma  rays  coming  from 
different  types  of  radioactive  nuclei  and  the  star  den¬ 
sities  integrated  over  entire  target  volume.  Then  we 
will  get 


where  Xj  is  the  radioactive  decay  coirstants.  Similarly 
extending  this  for  n  pulses  the  total  number  of  radioac¬ 
tive  nuclei  left  not  decayed  are 


i 


1  -  e-*»»« 
1  - 


{dNi)n  =  . 


{dNi)n  =  N.dS(ri 


1  —  e”**"** 
1  - 


(S) 


- 4.(X  + 


(8) 


Let  us  assume  that  the  irradiation  is  stopped  after 
time  ti  =  n/ty  and  target  is  let  to  cool  for  time  t,. 
The  the  number  of  radioactive  nuclei  left  are 


{dNj)  -  N^dSffj 


1  -  e~*8** 
1  — 


(4) 


The  long  term  radioactivity  comprises  essentially 
that  arising  from  gamma  decays  alone.  To  calculate 
the  residual  radioMtivity  we  have  to  take  into  account 
the  total  number  of  gamma  rays  ( including  annihila¬ 
tion  of  antiparticles  into  gamma  rays)  ftom  each  nu¬ 
cleus,  w(Efc^),  with  gamma  ray  energy  Es.  Finally 


The  above  equation  could  be  tested  for  a  continuous 
beam.  In  Eq.  3  we  find  that  for  a  continuous  beam 
N,  has  to  be  replaced  by  N«St  and  set  the  limit  6t  to 
sero.  Then 


dNj  =  Noorj 


(l-e-A)t) 

A, 


which  is  identical  to  one  in  Ref.  1.  This  confirms 
the  consistency  of  the  formalism  for  pulsed  primary 
beams. 
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Abstract  II.  Operation 


During  the  1990  SLC/Maric  II  runs,  machine  backgrounds 
visible  in  the  new  vertex  detectors  were  studied.  These 
detectors  had  active  elements  at  radii  from  3  to  17  cm  and 
were  subjected  to  backgrounds  unique  to  linear  colliders.  We 
describe  recent  progress  in  identifying  sources  and 
developing  contrd  techniques. 

L  Introduction 

During  the  original  Mark  11  run  at  the  Stanford  Linear 
Collider  (SLC)  in  the  summer  of  1989,  the  most  significant 
background  was  from  synchrotron  radiation  generated  white 
focusing  the  beams  to  a  collision.  Studies  at  that  time^*^ 
found  that  the  source  was  non-Gaussian  tails  on  the  beams, 
and  that  the  backgrounds  could  be  controlled  to  some  extent 
using  coUimatioa  and  careful  nuuiipulation  of  the  beam 
optics. 

Ibe  SLC  was  shut  down  in  the  Fall  of  1989  for  various 
iqjgrades,  including  improvements  to  the  colliroation 
^sterns.  An  additional  four  set  of  collimators,  a  total  of  16 
jaws,  where  installed  at  the  end  of  the  linac.  The  coUimattm 
in  the  Beam  Switch  Yard  (BSY)  and  Final  Focus  System 
0^)  were  rqiositioned  to  allow  more  flexibility  in 
operation. 

Also  during  this  time  two  new  votex  detectors  were 
installed  in  the  Mark  The  inner  one  is  the  Silicon  Strip 
Vbrtex  Detector^^^  (SSVD)  which  has  18,000  silicon  strips  at 
about  3  cm  radius.  Outside  it  is  the  Drift  Chamber  Vertex 
Detector^^^  (DCVD)  which  contains  34  layers  oS  sense  wires 
from  S  to  17  cm  radius.  Together  these  chambers  provide 
unprecedented  tracking  accuracy  for  a  collider  detector.  As 
part  of  their  installation,  the  Marie  II  internal  masking’s 
hermeticity  was  improved  by  adding  more  material  in  every 
accessible  gap  and  ^  masks  were  realigned. 
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The  SLC  made  a  short  engineering  run  during  January 
1990,  followed  by  a  longer  run  for  physics  during  the  summer 
of  1990.  From  the  start,  synchrotron  background  in  the  main 
Mark  II  tracking  chamber  was  significantly  reduced  from  the 
prior  years  run.  Occupancies,  which  had  been  typically  1S% 
to  20%  during  the  previous  year,  were  now  below  5%.  The 
improvement  is  attributed  to  the  additional  collimatMS  at  the 
end  of  the  linac,  which  made  it  possible  to  do  both  primary 
and  secondary  collimation  in  a  region  with  zero  nominal 
dispersion.  The  additional  masking  material,  including  the 
material  of  the  vertex  detectors,  also  contributed 


yto  (Only «"  Line  Shown) 

Figure  1  The  general  layout  of  SLC  collimation.  Thirty-two 
movable  collimator  jaws  are  located  at  the  end  of  the 
linac,  16  in  each  side  of  the  Beam  Switch  Yard  and 
Arcs,  and  19  in  each  side  of  the  Final  Focus  System. 

Unfortunately,  backgrounds  in  the  new  vertex  detectors 
were  larger  than  expected.  Figure  2  shows  a  typical  event 
The  noticabte  features  are  the  curved  tracks,  which  are 
charged  particles  with  transverse  momenta  up  to  about  10 
MeV/c,  and  the  dark  areas  which  are  thought  to  be  curled-up 
electron  tracks  from  soft  photon  conversions.  This 
background  was  strongly  biased  toward  low  radius  and  \&y 
rarely  extended  beyond  ^  DCVD. 


Figure  2  Backgrounds  in  a  typical  Mark  II  event.  Toe  outer 
circle  represents  the  DCVO  outer  wall  at  17  cm 
radius,  llte  36  line  segmenu  near  the  center  are  the 
individual  silkon  modules  of  the  SS  VD.  The  ~-CVO 
sensitive  area  is  in  betweeiL  Approximately  1S%  of 
the  DCVD  time  bitu  have  fired  Each  hit  is 
drawn  twice  due  to  the  ambiguous  drift  direction. 
The  outside  the  circle  are  hits  found  in  the 
Mark  II  main  tracking  chamber  •  it's  occupancy  is 
negUgiUe. 

The  SSVD’s  occupancy  was  in  the  range  of  2%  to  10%, 
while  the  DCVD  occupancy  averaged  1S%  with  some  periods 
much  higher.  The  SSVD  has  a  much  finer  granularity  than  the 
DCVD,  which  combines  with  insensitivity  to  low  energy 
photons  to  reduce  the  effect  of  these  l^kgrounds.  The 
DCVD  tracking  information  could  be  used  up  to  occupancies 
of  approximately  40%. 

The  near-photogrt^)hic  information  from  the  DCVD  made 
it  possible  to  study  the  origin  of  the  background  tracks, 
although  no  Z  (along  the  beam  axis)  information  was 
available.  It  appears  that  the  tracks  are  coming  from  energetic 
showers  in  the  masks  near  the  Mark  II.  Simulations  indicate 
that  of  order  1  beam  particle  hitting  masks  inside  the  detector, 
SO  particles  hitting  the  beampipe  inside  the  final  triplet 
magnets,  or  1,000  on  the  inner  100  microns  of  the  mask  at  the 
entrance  to  the  fmal  triplet  would  reproduce  the  background 
density. 

The  optics  and  collimation  should  make  it  impossible  for 
any  of  these  regions  to  be  hit  directly  by  beam  particles,  and 
studies  indicate  that  the  source  is  most  likely  edge  scattering 
from  upstream  collimators.  Unfortunately,  these  collimators 
are  needed  to  remove  large  beam  tails  created  by  various  non¬ 
linear  processes  in  the  linac  and  transfer  lines.  It  becomes  an 
operational  problem  to  balance  the  various  good  and  bad 
effects  of  collimation. 


Figure  3  Masking  and  beam  line  components  near  the  Mark  II 
delector.  Particle  trajectories  are  shown  for  four  times 
Ihe  nominal  angle  at  the  IP  in  both  X  and  Y. 


III.  Prospects 

The  Mark  II  has  now  been  replaced  on  the  SLC  beam  line 
by  the  Stanford  Large  Detectors  (SLD).  SLD  has  newly 
designed  masking,  no  vertex  drift  chamber,  a  main  drift 
chamber  with  significantly  less  material  and  different  final 
triplets.  All  of  these  are  expected  to  reduce  it's  sensitivity  to 
machine  backgrounds.  Additionally,  work  proceeds  on 
controlling  the  SLC  emittance  and  beam  profile.  An 
engineering  run  is  planned  for  this  summer  :o  investigate  the 
effects  of  these  changes. 
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Abstract 

The  repetition  frequency  cf  a  linear  collider  can  deviate 
substantially  from  nominal  design  values  as  a  result  of  lost 
pulses.  Pulses  are  typically  lost  as  a  result  of  a  veto  imposed 
by  the  many  Machine  Protection  Systems.  A  system  has  been 
installed  at  the  SLC  to  use  the  existing  beam  position  monitor 
hardware  to  count  every  beam  pulse  that  passes  by  each  of  the 
strategic  locations.  Also  counted  are  the  signals  ^om  various 
beam  dumpers,  as  well  as  trigger  signals  generated  by  the 
MPS.  Representative  data  of  SLC  running  are  shown  that 
have  been  used  to  uctermine  how  to  improve  running 
efficiency. 

INTRODUCTION 

The  goal  is  to  quantify  the  efficiency  and  reliability  of  the 
accelerator  performance  in  terms  of  the  beam  delivered  by  the 
individual  systems.  Identifying  the  contributions  to  loss  in 
overall  efficiency  should  help  in  determining  which 
subsystems  warrant  the  most  effort  to  improve  performance. 
The  ultimate  measure  of  accelerator  performance  is  the  useable 
luminosity  delivered  to  the  detector.  However,  this  is 
determined  by  a  complex  mix  of  many  parameters  such  as 
beam  current,  repetition  rate,  beam  size  and  background  levels 
in 


hardware  reliability  for  delivering  beams  the  Beam  Pulse 
Accounting  (BPA)  system  only  takes  note  of  the  number  of 
delivered  beam  pulses  that  pass  a  predetermined  intensity 
threshold. 

The  system  uses  the  existing  beamline  monitoring  devices 
(BPMs)  and  adds  on  top  of  them  a  new  system  for  counting 
and  storing  the  number  of  beam  pulses.  This  counting  system 
had  to  satisfy  a  number  of  requirements: 

1.  The  intensity  threshold  above  which  a  beam  pulse  is 
counted  is  remotely  programmable. 

2.  The  dynamic  range  of  the  threshold  setting  is  capable  of 
handling  a  widi.  range  of  beam  intensities  encountered  in  the 
accelerator  -  from  high  currents  in  the  injector  to  low  currents 
for  PEP  injection. 

3.  The  counting  distinguishes  between  the  different  types  of 
beam  pulses  -  electrons,  positrons  and  positron  production 
bunches  that  can  be  present,  as  well  as  different  beam  modes 
for  SLC  and  PEP  running. 

4.  Since  much  information  can  also  be  gained  from 
counting  the  number  of  times  a  pulser  fires  to  veto  a  beam, 
provision  is  also  made  on  each  unit  to  count  the  signal  from 
an  auxiliary  input  In  the  final  focus  the  inputs  are  used  to  do 
coincidence  counting  of  e>  and  e+  together  with  detector 
livetime  signals. 


the  detector.  In  order  to  provide  an  unambiguous  measure  of 
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lo  assess  the  performance  of  individual  accelerator  systems 
the  pulse  accounting  units  are  placed  at  strategic  locations 
representing  interfaces  between  systems.  These  locations  are 
shown  in  fig.  1. 


SYSTEM  HARDWARE 

A  block  diagram  of  the  main  components  of  the  beam 
pulse  accounting  system  is  shown  in  fig.2. 


1  unH 
tM*m 


Sch*malle  ol  th*  Bmiti  PuIw  Accounting  Syotem 

Figure  2 

The  voltage  pulse  from  an  existing  BPM  is  split  before 
going  to  a  BPM  processor.  The  signal  is  summed  and  passes 
through  a  comparator  whose  level  is  set  remotely  via  an  input 
signal  from  a  digital-analog  converter  (DAC)  module  which  is 
also  read  back  horn  an  output  going  to  a  signal  aquisition 
module  (SAM)  module.  The  DAC/SAM  combination  appears 
as  an  AMPLifier  device  in  the  control  software  allowing  it  to 
be  TRIMmed  and  monitored.  The  purpose  of  this  threshold 
level  is  to  allow  counting  only  of  pulses  above  a  certain 
intensity  level.  Typically  this  level  is  set  to  be  just  above  the 
noise  level  of  the  bpm  signal,  but  it  can  be  programmed  to 
reject  pulses  below  some  other  threshold  value. 

The  Beam  Pulse  Accounting  unit  has  a  second  input 
channel  for  a  trigger  signal  supplied  from  a  pulse  delay  unit 
(PDU)  module.  The  gating  of  the  beam  pulse  signal  can  thus 
be  controlled  with  the  standard  TIMING  software  in  the  conuol 
system.  The  reason  for  gating  the  beam  pulse  signal  is  to 
distinguish  between  the  different  SLC  bunches.  In  linac 


Sector  1,  for  example,  an  electron  bunch,  a  positron  bunch 
and  a  scavenger  electron  bunch  are  all  present  and  separated  by 
about  60  ns. 

The  gated  signal  is  shaped  and  its  output  sent  to  a  scalar 
module.  The  scalar  is  then  read  and  cleared  periodically  by  the 
control  system. 

A  third  input  is  also  supplied  on  the  beam  pulse  accounting 
unit  to  gate  and  count  some  arbitrary'  logic  pulse  signal  to 
provide  auxiliary  information  such  as  the  occurrence  of  kicker 
pulses  which  would  veto  the  beam. 

The  bpm  input,  PDU  input,  DAC  input,  SAM  output, 
auxiliary  input  and  scalar  outputs  together  constitute  ore 
channel  of  the  Beam  Pulse  Accounting  module.  Three  of  these 
channels  are  built  into  each  module  so  that  the  unit  is  capable 
of  counting  all  three  beam  signals  from  one  bpm. 


PuIm  Accounting  Unit 


Beam  Pulse  Coincidence  Setup 
Figure  3 

A  special  configuration  of  this  unit  is  used  in  the  final 
focus,  shown  in  fig.  3,  to  make  the  unit  also  act  as  a 
coincidence  counter  for  e-  and  c+.  The  output  pulse  going  to 
the  scalar  to  count  e-  is  also  used  as  trigger  signal  to  gate  the 
e+  signal  which  arrives  approximately  30  ns  later  at  the  bpm. 

PROCESS  SOFTWARE 

The  on-line  control  system  software  performs  four 
categories  of  tasks  which  are  accessed  from  a  touch  panel  for 
the  SLC  Control  Program  (SCP)  software. 

1.  Setting  up  of  the  pulse  accounting  unit  using  the  AMPL 
and  TRIG  Matures  and  reading  the  scalar  using  tlie  SCLR 
feature.  Several  button  macros  make  us  of  the  correlation  plot 
software  to  scan  the  AMPL  and  TRIG  values  to  optimally  set 
them. 

2.  A  batch  process  is  executed  on  the  VAX  which  reads  and 
clears  all  the  scalars  every  6  minutes.  From  tliis  the  average 
rate,  expressed  as  pulses  per  second,  is  saved  together  with  the 
integrated  counts  for  each  of  the  beams  at  each  of  the  bpms. 
The  integrated  counts  are  recorded  per  hourly  interval,  per  8 
hour  shift,  per  day  and  per  week. 

3  The  HlSTory  Buffer  (HSTB)  software  archives  each  of 
these  values  and  allows  them  to  be  individually  plotted  over  a 
chosen  time  interval  going  back  as  far  as  one  week.  After  one 
week  the  HSTB  further  condenses  them  to  archive  them  for 


837 


longer  term  records.  Fig.  4  shows  a  typical  history  plot  of  around  the  machine.  The  data  from  the  pseudo  scalars  is 
beam  rate  over  6  minute  intervals  as  well  as  a  plot  showing  processed  by  the  history  buffering  routines  in  exactly  the  same 
the  integrated  counts  per  hour.  way  as  the  beam  pulse  data. 
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MEASURING  SLC  PERFORMANCE 

The  on-line  history  plot  software  provides  an  immediate 
check  on  the  running  of  the  machine.  It  also  provides  basic 
statistics  on  the  performance  of  the  machine,  such  as  the 
fraction  of  up-time.  Further  analysis  can  be  done  by  exporting 
the  data  offline  into  spreadsheet  type  programs.  This  allows 
more  useful  comparisons  to  be  made  between  the  various 
machine  subsystems  and  thus  highlight  the  relative 
contributions  to  the  pulses  failing  to  make  it  to  the  detector  at 
the  interaction  region  (IP). 

The  example  chosen  in  fig.5  shows  the  throughput  of  the 
collision  electron  bunches  from  electron  gun  (CID),  through 
the  North  Linac  To  Ring  (NLTR)  beamline,  the  North  Ring 
To  Linac  (NRTL),  the  North  Arc  (NARC),  the  North  Final 
Focus  (NFF)  and  the  coincidence  with  positrons  at  the  IP.  The 
data  is  binned  into  8  hour  shifts  during  a  3  day  period  of 
machine  physics.  Also  shown  is  the  frequency  of  trips,  or  rate 
limiting,  due  to  insertion  of  the  damping  ring  complex 
FARCs,  the  Operator  rate  limit  button  and  the  scavenger 
lectron  bunch  extraction  line  MPS  trips. 
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Figure  4 .  Online  history  buffer  data  showing  the  recorded 
beam  repit  ion  rate  in  pps  (top)  for  e-  reaching  the  IP,  and  the 
same  data  binned  into  integrated  hourly  counts  (bottom). 

4.  Separate  from  the  beam  pulse  acquisition  software  arc  a 
set  of  so-called  pseudo  scalars  that  count  the  number  of  pulses 
sent  out  by  the  Master  Pattern  Generator  (MPG)  to  the  liming 
system.  This  enables  the  number  of  beam  pulses  that  should 
be  transported  in  the  machine  to  be  compared  to  the  number 
measured  at  the  bpms.  The  MPG  also  has  several  inputs  from 
the  Machine  Protection  System  that  cause  the  machine  either 
rate  limit  or  switch  off  entirely.  The  number  of  beam  pulses 
on  which  this  occurs  can  also  be  counted  thereby  giving 
information  on  the  frequency  of  trips  from  various  causes 
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Figure  5.  An  example  of  how  Beam  Pulse  A^i.ounting  data  can 
be  binned  and  different  mathtnt  regions  eompared.  The 
Complementary  data  showing  ishiJi  part  of  the  maJiine  vetoed 
the  beam  pulses  is  shonn  in  the  loi<,cr  half. 
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Summary 

Beam  performance  for  the  injection  phase  of 
proton  beam  commissioning  of  the  AGS  Booster  synchro¬ 
tron  will  be  presented.  The  beam  from  the  200  MeV  Linac 
is  transported  through  a  new  beam  line  into  the  Booster. 
This  Linac-to  Booster  (LTB)  beam  line  includes  a  126“ 
bend  and  brings  the  injected  beam  onto  the  Booster 
injection  orbit  through  the  backleg  of  a  main  ring  dipole 
magnet.  Transfer  of  beam  from  the  Linac  to  the  Booster, 
spiralling  beam  and  closing  the  orbit  in  the  Booster  ring 
are  discussed.  Injection  and  transport  through  one  sector 
of  the  ring  has  been  accomplished. 

Review  of  Booster  Facilities 

The  transfer  of  beam  to  the  Booster  synchrotron 
from  the  Linac  includes  a  transport  beam  line  of  114  feet 
in  length.  This  LTB  beam  line  is  made  up  of  three  sections 
(Fig.  1).  Section  1  runs  from  the  deflection  point  in  the 


Fig.  1.  LTB  beam  line  and  injection  region. 
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Linac  High  Energy  Beam  Transport  (HEBT)  beam  line 
(that  transports  beam  to  the  AGS)  to  the  126“  bend 
region.  Section  2  is  the  126"  bend  re^on  from  DH2  to 
DH5.  Section  3  runs  from  the  exit  of  DH5  into  the  Booster 
through  the  backleg  iron  of  the  CS  main  ring  dipole. 

The  LTB  section  2  is  an  achromatic  bend  region 
that  spans  the  transition  shielding  between  the  HEBT  area 
and  the  Booster  ring  enclosure.  The  126“  bend  is  created 
with  four  identical  dipoles  powered  in  series  and  has  two 
quadrupoles.  Section  1  contains  five  quadrupoles  and 
Section  3  contains  six  quadrupoles  to  permit  the  beam  to 
be  optically  matched  at  the  entrance  to  the  bend  region 
and  into  the  Booster  ring  respectively. 

The  Booster  ring[l]  has  a  FODO  lattice  with 
missing  main  dipole  magnets  to  allow  for  injec¬ 
tion/extraction  magnets,  RF  cavities  and  other  insertions. 
There  are  forty-eight  half-cells  with  24  quadrupoles  in 
each  plane.  The  main  dipoles  and  quadrupoles  are 
powered  in  series.  The  main  quadrupoles  have  additional 
primary  and  secondary  windings  for  tune  and  stopband 
correction  respectively.  There  are  also  correction  dipole 
magnet  assemblies  at  each  main  quadrupole  magnet  for 
orbit  correction  and  local  orbit  bumps  in  both  planes. 

Instrumentation 

Detailed  descriptions  of  the  beam  instrumentation 
developed  for  use  in  the  Booster  facility  can  be  found 
elsewhere  in  these  proceedings.  However,  an  overview  of 
their  application  is  included. 

Linac-To-Booster  fLTB)  Instrumentation 

There  are  two  beam  current  transformers,  one  at 
each  end  near  the  HEBT  beam  line  and  near  the  Booster 
ring.l2) 

The  beam  position  measurement  in  this  line  is  done 
by  using  seven  resonant  stripline  beam  position  monitors, 
each  providing  both  horizontal  and  vertical  information. 
(3)  In  each  monitor,  the  four  plate  sum  signal  provides  in 
addition  an  approximate  beam  current  measurement. 

Beam  profile  information  in  LTB  is  obtained  using 
two  insertable  multiwiie  profile  monitors.  The  data 
provided  by  these  monitors  in  conjunction  with  a  sequence 
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of  programmed  changes  in  specific  LTB  quadrupole 
magnets  settings,  can  yield  for  the  user  an  emittance  and 
Twiss  parameter  measurement[4]  for  a  specified  location 
in  the  beam  line. 

Beam  loss  information[5}  along  the  beam  line  is 
given  by  eight  coaxial  loss  monitor  cables  distributed  in  a 
contiguous  manner  throughout  LTB.  This  loss  monitor 
system  is  a  nearly  generic  module  in  the  overall  loss 
monitor  system  for  the  Booster  facility. 

Booster  Ring  Instrumentation 

Ihe  first  instrumentation  clement  the  incoming 
proton  beam  intercepts  in  the  Booster  ring  after  being 
stripped  to  H  in  a  carbon  foil  is  one  of  46  split  plate  Pick 
Up  Electrodes  (PUE’s).(6]  These  PUE’s  each  measure 
beam  centroid  position  in  one  plane  and  arc  located 
immediately  prior  to  each  quadrupole  magnet  that  focuses 
the  beam  in  the  plane  of  measurement.  There  are  24  in 
the  vertical  plane  and  22  in  the  horizontal;  one  horizontal 
PUE  is  missing  at  the  extraction  point  and  one  missing  at 
the  Internal  Beam  Dump  because  of  the  horizontally 
oversized  vacuum  chambers  at  these  locations. 

Just  past  the  immediate  proton  injection  point  is 
located  a  current  transformer  assembly  that  has  incorpor¬ 
ated  in  it  two  transformers.  Th'^  Injection  Transformer  has 
a  time  constant  capable  of  monitoring  the  injected  beam 
pulse  from  the  Linuc  of  150  to  250  /its  and  the  other 
Circulating  Beam  Transformer  wth  an  appropriate  time 
constant  to  monitor  the  remainder  of  the  acceleration 
cycle,  (*»  60  ms  for  protons). 

The  current  transformers  and  the  PUE’s  respond  to 
both  stripped  and  unstripped  beams  (wth  the  appropriate 
sign  reversal).  Remote  control  of  the  stripping  foil  position 
(in/out)  allowed  a  very  valuable  switching  between  thcj.c 
conditions. 

Preparation  for  Commi.ssioning 

Before  any  part  of  the  Booster  facility  could  be 
commissioned  with  beam  and  in  addition  to  the  installation 
and  testing  activities,  each  phase  of  commissioning  had  to 
be  prepared  and  thoroughly  reviewed.  In  particular,  all 
new  beam  areas  are  considered  from  the  point  of  view  of 
the  creation  of  new  radiation  sources.  As  part  of  the 
process  there  had  to  be  included  an  outline  for  conducting 
the  beam  tests  and  the  ared(s)  reviewed  beforehand  to 
identify  the  locations  where  a  credible  accelerator  fault 
could  produce  a  local  beam  loss  with  the  resulting  prompt 
radiation.  These  beam  fault  conditions  then  had  to  be 
created  and  the  studies  conducted  as  part  of  the  commis¬ 
sioning  procedure.  The  results  are  then  reviewed  before 
continuing  with  the  next  phase  of  commissioning.  Also,  the 
personnel  necessary  to  participate  in  each  aspect  of 
commissioning  were  trained  prior  to  carrying  out  the  tc.sls 
with  beam. 


Commissioning  with  Beam 

Commissioning  of  the  Booster  facility  has  been 
done  in  phases  as  each  separable  area  of  the  accelerator  is 
completed.  The  phases  were  identified  as  200  MeV  beam 
transport  through  the  first  two  sections  of  the  LTB 
beam  line,  transport  through  all  of  LTB  and  to  the  Booster 
injection  region,  transport  through  one  sextant  of  the 
Booster,  spiralling  beam,  accelerating  beam  and  finally 
extracting  beam  from  the  Booster.  Final  stages  of  Booster 
ring  equipment  installation  prohibited  the  spiralling  of 
beam  in  the  Booster  and  as  of  this  writing,  the  beam  has 
been  transported  through  the  injection  beam  line  and 
around  one  sextant  of  the  ring.  The  ability  to  transport 
beam  to  this  point  has  been  invaluable  in  providing  the 
first  beam  control  and  measurement  information  from  the 
available  diagnostics. 

In  order  to  match  the  beam  optics  at  the  entrance 
to  the  LTB  beam  line,  the  HEBT  emittance  and  Twiss 
parameters  were  determined  at  the  LTB  injection  point 
using  a  Least  Squares  fit  to  HEBT  profile  data.  The  range 
of  movement  in  any  of  the  Twiss  parameters  at  this  point  is 
constrained  by  the  fact  that  both  the  AGS  and  the 
Brookhaven  Linac  Isotope  Production  (BLIP)  facility  arc 
serviced  by  the  HEBT  beam  line.  However,  the  range  over 
which  these  incoming  beam  parameters  may  be  varied  was 
sufficient  to  define  the  input  trajectory  and  optical 
conditions  and  transfer  the  beam  into  the  LTB  beam  line. 
Control  of  the  LTB  optics  and  trajectory  to  the  Booster 
ring  was  then  straightforward  using  magnet  calibration 
data. 

At  the  exit  of  LTB  section  2,  a  temporary  carbon 
bcamstop  was  installed  to  allow  the  transport  of  low 
intensity  beam  through  LTB  sections  1  and  2  so  that  beam 
tests  could  proceed  with  the  beam  aborted  safely  in  one 
location  and  not  create  residual  radiation  in  areas  where 
the  installation  effort  continued.  This  was  very  important 
in  the  curly  stages  of  testing  the  instrumentation,  data 
acquisition  and  methods  of  controlling  beam  parameters, 
(trajectories  and  optics). 

Beam  position  measurements  from  the  stripline 
BPM’s  in  the  LTB  beam  line  reproduced  to  better  than 
0.5mm.  The  data  from  the  BPM’s  was  then  acquired  and 
used  in  a  user  friendly  trajectory  correction  program  to 
determine  and  implement  the  necessary  changes  in 
correction  dipoles  to  minimize  orbit  errors  in  the 
beam  line.  The  details  of  this  program  and  associated 
algorithms  can  be  found  elsewhere  in  these  proceed- 
ings.(7j 

The  beam  loss  monitor  system  proved  to  be 
sensitive  to  beam  loss  of  le.ss  than  1  .v  10“  protons  per 
pulse  at  a  given  location.  The  output  of  the  loss  monitor 
system  is  coupled  with  the  Fast  Beam  Interrupt  (FBI) 
system  used  to  {..uvide  a  rapid  inhibit  («=  IS^s)  of  the 
injected  Linae  beam  if  integrated  beam  lobS  exceeds  an 
assigned  limit. 


S40 


With  the  commissioning  of  the  AGS  Booster  as  an 
accelerator,  new  aspects  of  the  controls  system  for  the 
AGS  facility  have  also  been  undergoing  a  commissioning 
process.  Included  in  this  is  the  first  use  of  a  timing  system 
environment  that  is  centered  around  the  ability  to  operate 
each  accelerator  (Linac,  Booster  and  AGS)  for  multiple 
users  in  a  Pulse  to  Pulse  Modulated  (PPM)  manner.  This 
tool  has  been  used  at  the  PS  at  CERN  for  many  years  to 
increase  the  available  access  to  the  beam  in  individual 
accelerators  within  the  facility.  Each  software  utility 
developed  now  has  the  capability  to  acquire  data  for  any 
or  all  separate  users  of  the  beam.  One  of  the  new  software 
tools  that  has  proven  to  be  very  useful  in  providing  the  user 
with  real-time  machine  data  (as  a  function  of  PPM  beam 
user)  is  the  General  Purpose  Monitor  (GPM).[8]  In  this 
program,  the  user  is  able  to  acquire  and  display  data  from 
any  defined  collection  of  devices  as  a  function  of  time.  It  is 
also  "user  friendly"  in  that  the  association  of  devices  of 
interest  is  trivially  modified  (even  amid  the  standard 
commissioning  chaos)  for  immediate  display.  This  has 
been  used  extensively  for  radiation  monitoring. 

When  the  proton  injection  area  of  the  Booster  ring 
was  available  to  accept  beam,  one  sextant  of  the  main  ring 
buss  (dipoles  and  quadrupoles  in  series)  was  powered  by 
an  independent  DC  power  supply  so  as  to  assure  that  the 
beam  could  not  be  carried  beyond  a  well  defined  location 
in  the  ring.  Beam  was  then  transported  through  section  3 
of  the  LTB  beam  line  and  injected  into  the  Booster  ring  at 
the  C5  location. 

There  was  some  concern  over  the  beam  trajectory 
through  the  C5  main  dipole  magnet.  The  incoming  H~ 
beam  from  the  LTB  line  initially  traverses  a  field  free 
region  of  the  C5  magnet  but  as  it  crosses  (at  an  angle  of 
approximately  11®  to  the  tangent  of  the  magnet)  between 
the  C5  magnet  coils,  the  field  increases  quickly  to  the 
central  dipole  field  of  the  magnet.  This  effect  was  studied 
extensively  by  mapping  the  field  and  model  tracking  of 
particles  through  this  magnet.  Since  the  net  dipole  effect 
on  the  incoming  H~  must  bring  the  beam  to  a  nominal  x,x’ 
as  determined  by  the  injection  orbit  at  this  location,  it  was 
essential  to  know  this  trajectory  precisely.  Position 
measurements  at  the  first  PUE  in  the  Booster  ring  (C6 
quadrupolc)  are  within  estimated  error  of  the  position  of 
the  model  Booster  injection  orbit.  Angle  information  at 
the  injection  foil  will  dctcimine  whether  the  injected  beam 
will  have  the  appropriate  trajectory  to  merge  with  the 
equilibrium  orbit  of  »he  Booster  ring.  Model  studies  have 
shown  that  if  this  is  not  the  ca.se,  a  small  translation  of  the 
downstream  LTB  beam  line  elements  will  be  necessary 
and  sufficient  to  correct  any  misalignment. 

Future  Commissioning 

Installation  and  preliminary  testing  of  the  Booster 
ring  equipment  will  be  completed  by  the  end  of  May.  Since 
one  of  the  two  proton  RF  cavities  is  presently  ready  to  be 
used  with  beam,  beam  spiralling  and  acceleration  should 


be  achieved  by  mid-June.  The  extraction  equipment  will  be 
fully  tested  and  available  for  beam  tests  also  by  this  date. 
Since  the  AGS  is  running  for  the  High  Energy  Physics 
(HEP)  program,  access  to  the  AGS  ring  for  equipment 
installation  and  testing  of  the  Booster  To  AGS  (BTA) 
transfer  beam  line  is  restricted.  In  order  that  the  extraction 
process  can  be  tested,  another  temporary  beamstop  has 
been  installed  a  few  meters  into  the  BTA  line. 

All  of  the  commissioning  efforts  have  been  and  will 
continue  to  be  done  at  a  relatively  low  beam  intensity  until 
the  machine  is  well  understood.  Higher  intensity  studies 
will  follow  early  in  FY’92. 
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Abstract 

A  2,45  GHz  electron  cyclotron  resonance  (ECR)  ion 
source,  recently  developed  at  Chalk  River,  was  installed  on 
the  RFQl  facility  for  comparison  with  the  duoPIGatron  source 
used  previously.  The  proton  fraction  of  the  ECR  ion  source 
is  80  to  85  percent,  much  higher  than  the  30  to  35  percent  of 
the  duoPIGatron.  Measurements  of  the  beam  transmission 
through  the  RFQ,  as  well  as  the  emittance  of  the  extracted  and 
the  accelerated  beams,  are  reported.  Four-aperture  extraction 
columns  were  used  on  both  sources. 

1.  Introduction 

The  original  ion  source  for  the  RFQl  cw  proton 
accelerator  [1]  was  a  three-aperture  duoPIGatron.  Although 
the  RFQl  duoPIGatron  [2]  generates  320  mA/cm^  at  matched 
perveance,  the  proton  fraction  is  low.  A  current  density,  as 
high  as  450  mA/cm^,  is  achievable  with  the  source,  but  the 
required  extraction  gap,  at  matched  perveance,  is  too  small  for 
reliable  operation.  In  fact,  the  RFQl  design  current  could 
only  be  achieved  by  increasing  the  number  of  extraction 
apertures  to  four  [3].  In  addition,  the  lifetime  of  the  source  is 
reduced  by  the  periodic  failure  of  the  cathode,  the  efficiency 
of  conversion  of  hydrogen  gas  to  protons  is  very  low  and  an 
extensive  system  of  power  supplies  at  high  voltage  is  required. 

A  high-current  low-emittance  electron-cyclotron 
resonance  (ECR)  ion  source  with  an  exceptionally  high  proton 
fraction  [4]  has  been  developed  as  an  alternative  source  for 
RFQl.  The  source,  shown  m  Figure  1,  is  driven  by 
2.45  GHz  microwaves  introduced  to  the  plasma  chamber  via 
a  dielectric  window.  The  axial  magnetic  field,  to  satisfy  the 
electron-cyclotron  resonance  condition  and  confine  the  plasma, 
is  supplied  by  two  s.'’‘*noids.  The  duoPIGatron  source 
extraction  geometry  is  used,  but  with  a  larger  extraction  gap 
to  lower  the  matched  proton  current  to  that  required  fur  the 
the  RFQ. 

This  paper  compares  the  performance  of  the  duoPIGatron 
and  the  ECR  proton  sources.  Measurements  were  made  on 
the  beams  from  the  two  sources  immediately  after  extraction, 
following  mass  separation  and  after  acceleration  in  the  RFQl 
accelerator. 

0-7803-0135-8/91S01.00  ©IEEE 


Figure  1 .  ECR  proton  source. 


II.  EXTRACTION  FROM  lON  SOURCES 

The  duoPIGatron  with  a  0.64  cm  acceleration  gap  and 
four  0.50  cm  diameter  extraction  apertures,  equally  spaced  on 
a  0.53  cm  radius,  generated  a  "matched"  (i.e.,  minimum 
divergence)  beam  of  hydrogen  ions,  foi  an  extraction  voltage 
of  50  kV,  at  a  total  beam  current  of  about  250  mA.  The 
proton  fraction  was  typically  30  to  35  percent,  resulting  in  an 
extracted  proton  current  of  between  75  and  90  mA.  Some 
beam  was  lost  m  the  low-energy  beam  transport  line  so  that 
the  required  90  mA  could  be  supplied  to  the  RFQ  only  by 
operating  the  source  at  higher  than  match  current.  On  the 
other  hand,  the  proton  fraction  of  the  ECR  ion  source  is 
between  80  and  85  percent  so  that,  even  with  the  acceleration 
gap  almost  doubled  to  1.2  cm,  a  proton  current  of  95  to 
100  mA  can  be  generated  wi'h  a  total  matched  current  of  only 
120  mA. 
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The  normalized  nns  emittance  of  the  unseparated  beam 
from  both  the  ECR  and  the  duoPIGatron  ion  sources, 
measured  on  an  ion  source  test  stand,  is  less  than  0.05  jr-cm- 
mrad.  In  both  cases,  the  emittance  of  the  individual  beamlets 
is  typically  0.008  jr-cm-mrad  and  the  corresponding  rms 
divergence  is  12  mrad.  However,  the  overall  beam 
divergences  are  different  because  the  individual  duoPIGatron 
beamlets  diverge  from  the  beam  centroid  by  about  10  mrad, 
while  the  beamlets  from  the  ECR  ion  source  are  parallel.  The 
cause  for  the  misalignment  of  the  duoPIGatron  beamlets  is 
under  investigation. 

The  replacement  of  the  duoPIGatron  with  the  ECR  ion 
source  reduces  the  gas  load  on  the  injector  vacuum  system  by 
about  a  factor  of  five.  The  ECR  ion  source  operates  stably 
with  a  hydrogen  mass  flow  of  no  more  than  S  std.  cmVmin, 
whereas  the  duoPIGatron  usually  operates  at  25  std.  cm^/min. 

The  duoPIGatron,  a  mature  design,  is  a  reliable  source 
and  operates  stably,  without  drift,  over  long  periods;  lifetime 
is  limited  by  the  oxide-coated  cathode  to  about  200  h.  The 
ECR  ion  source,  which  is  still  in  early  development,  has  at 
present  a  similar  lifetime,  limited  here  by  dielectrics  in  the 
microwave  window  and  plasma  chamber  liners.  The 
microwave  window  is  slowly  degraded  by  electrons 
backstreaming  from  the  extraction  column,  and  the  plasma 
chamber  liners,  introduced  to  enhance  the  proton  fraction  [4], 
are  subject  to  contamination  as  well  as  catastrophic  failure. 
These  two  factors  may  also  contribute  to  drift  and  instability 
seen  in  the  extracted  beam  from  the  ECR.  Retuning  the 
microwave  line  invariably  restores  the  beam,  and  installation 
of  a  circulator  improved  stability.  Nonetheless,  the  ECR 
source  operated  for  over  one-hundred  hours  before  it  was 
disassembled  for  repair  of  a  dielectric  liner. 

III.  INJECTION  TO  RFQl 

The  50  keV  RFQl  low-energy  beam  transport  system 
(LEBT)  is  shown  in  Figure  2.  The  LEBT  includes  a  60“ 
dipole  magnet  to  separate  molecular  ions  from  the  beam  and 
solenoids  after  the  ion  source  and  at  the  entrance  to  the  RFQ 
that  match  the  beam  to  the  acceptance  of  the  RFQ.  The  beam 
is  set  up  on  a  plunging  beam  stop  (PBS)  in  the  injector  exit 
line,  which  is  then  raised  to  inject  beam  into  the  RFQ. 
Apertures  in  the  LEBT,  at  the  first  solenoid  and  in  the  exit 
line,  limit  the  size  of  the  transported  beam. 

The  current  measured  by  non-intercepting  beam-current 
monitors,  at  the  exits  from  the  injector  and  the  RFQ,  as  welt 
as  the  current  on  a  beam-size-limiting  aperture  at  the  PBS, 
after  the  exit  monitor,  are  shown  as  a  function  of  the  current 
from  both  the  duoPIGatron  and  the  ECR  ion  source  in 
Figure  3.  The  solenoid  fields  were  optimized  for  maximum 
accelerated  current  at  each  point. 

The  ECR  ion  source  delivers  a  higher  proton  current  than 
the  duoPIGatron  at  less  than  half  of  the  total  source  current. 
However,  like  the  duoPIGatron,  the  ECR  source  can  only 
achieve  the  75  mA  design  current  through  the  RFQ  when  it  is 
operated  at  higher  than  matched  perveance.  Beam  losses  with 


Figure  2.  RFQl  injector. 


the  ECR  source  are  less  at  the  start  of  the  LEBT,  but  are 
excessive  at  the  PBS  aperture.  At  matched  perveance,  the 
RFQ  transmission  appears  to  be  about  75  %  with  the  ECR  ion 
source,  slightly  lower  than  the  80%  achieved  with  the 
duoPIGatron  The  output  emittance  of  the  RFQ,  measured  in 
the  horizontal  plane  of  the  injector  dipole,  was  0.04  jr-cm- 
mrad  for  a  matched  ECR  beam,  the  same  as  for  matched 
duoPIGatron  injection  [3].  RFQ  output  emittance  trends  are 
similar  for  the  two  ion  sources. 


Figure  3.  Injection  and  RFQ  output  currents  for  ECR 
and  duoPIGatron  ion  sources. 


The  differences  in  the  beam  transport  to  the  RFQ  may  be 
related  to  the  variation  in  the  beamlet-to-beamlet  divergence  of 
the  two  ion  sources.  The  LEBT  was  designed  so  that  a  multi- 
beamlet  beam  with  space  charge  would  pass  through  a 
"gen'le"  waist  between  the  solenoids.  Calculations  with  the 
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beam  transport  code  TRANSOPTR  [5]  indicate  a  waist  further 
downstream  when  beamlets  diverge  from  the  ion  source. 
Parallel  beamlet  extraction  results  in  a  larger  beam  envelope 
at  the  PBS  aperture.  The  increased  beam  loss  on  the  PBS 
aperture  at  higher  beam  currents,  with  both  ion  sources,  is 
also  consistent  with  space-charge  blow-up.  This  is  probably 
the  dominant  effect,  as  losses  at  the  PBS  are  similar  for  the 
two  ion  sources  for  given  injector  exit  proton  currents. 
Apertures  in  the  injector  exit  line  have  yet  to  be  optimized  for 
ECR  source  operation  (un-monitored  beam  losses  in  the  exit 
line  may  be  responsible  for  the  lower  RFQ  transmission  with 
the  ECR  source). 


[41  T.  Taylor  and  J.S.C.  Wills,  ”A  High  Current  Low  Emittance 
ECR  Proton  Ion  Source",  to  be  published. 

[5]  E.A.  Heighway  and  M.S.  de  Jong,  "TRANSOPTR  -  A  Beam 
Transport  Design  Code  with  Space  Charge,  Automatic  Internal 
Optimization  and  General  Constraints",  AECL  Report,  AECL- 
6975(Rev.  A),  1984  June. 


IV.  DISCUSSION 

ITte  75  mA  design  RFQl  current  was  achieved  with  the 
ECR  source.  The  ECR  ion  source  consistently  gives  at  least 
double  the  proton  fraction  of  the  duoPIGatron  and,  in  almost 
every  other  respect,  performs  at  least  as  well  as  the 
duoPIGatron.  Reliability  deficiencies  will  be  addressed  by  a 
second-generation  ECR  ion  source  presently  being  fabricated. 

The  full  potential  of  the  high-current  low-emittance  ECR 
ion  source  has  yet  to  be  realized.  The  high-proton  fraction 
0}>cns  up  the  possibility  of  direct  injection,  without  mass 
separation,  into  the  RFQ.  The  lower  gas  consumption  reduces 
the  injector  pumping  requirements.  Proton  current  densities 
of  up  to  315  mAIca?  have  already  been  demonstrated  on  a  test 
stand  so  that  the  emittance  may  be  dramatically  reduced  with 
beam  current  extraction  from  a  single-aperture.  The  ECR 
source  solenoids  can  be  isolated  from  the  plasma  chamber, 
eliminating  the  need  for  dc  power  supplies  at  high  voltage.  A 
simple  dc  waveguide  brei^  already  allows  the  microwave 
power  supply  to  be  at  ground. 
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Abstract 

RFQl  is  an  accelerator  project  to  develop  high-proton 
current  cw  RFQ’s  suitable  for  scientific  and  industrial  applica¬ 
tions  such  as  neutron  sources,  nuclear  waste  transmutation  and 
fissile  fuel  breeding.  The  accelerator,  which  comprises  a 
SO  keV  dc  injector  and  a  0.6  MeV  cw  radiofrequency  quadru- 
pole  accelerator,  is  a  test  bed  for  a  wide  range  of  high-power 
RFQ  experiments.  The  structure  was  designed  to  accelerate 
75  mA  of  protons  and  has  achieved  the  full  design  current. 
Measurements  are  reported  on  the  output  beam  transmission 
and  emittance  for  four-beamlet  proton  beam  injection  from  a 
duoPIGatron  ion  source. 

I,  INTRODUCTION 

The  RFQl  [1]  project  is  a  research  program  for  the 
development  of  high-current  cw  radio-frequency  quadrupole 
(RFQ)  proton  accelerators.  The  injector  is  designed  to 
provide  a  matched  50  keV  multi-beamlet  dc  proton  current, 
variable  up  to  90  mA,  to  the  RFQ.  The  RFQ  is  a  100%  duty 
factor  radiofrequency  quadrupole,  designed  to  accelerate 
75  mA  of  protons  to  a  final  energy  of  600  keV. 

Since  commissioning,  in  mid-1988  [2],  the  major  design 
targets  have  been  achieved  on  the  RFQl  facility,  and  the 
experimental  program  with  the  duoPIGatron  source  has  been 
completed.  Recent  experiments  were  concerned  with  emitt¬ 
ance  and  beam  transmission  measurements  to  characterize  the 
RFQ  output  beam  under  a  variety  of  operating  conditions.  A 
final  set  of  experiments,  using  an  ECR  source  on  the  injector, 
are  reported  elsewhere  in  these  proceedings  [3]. 

The  RFQl  vanes  are  being  replaced  to  increase  output 
energy  to  1.25  MeV.  To  avoid  confusion  the  600  keV  output 
accelerator  will,  in  future,  be  referred  to  as  RFQl-600  and  the 
new  version  as  RFQl-1250. 


This  work  was  partially  supported  by  Los  Alamos  National 
Laboratory  under  contract  No.  9-X5D-7842D-1. 
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II.  DESCRIPTION 

Figure  1  shows  an  artist’s  representation  of  the  injector 
and  RFQ  subsystems. 


RFO-1  CW  PftOTQN  UNEAR  ACCEtERATOR 


Figure  1  RFQl  accelerator  components  and  layout. 


The  major  components  of  the  injector  are  an  ion  source 
and  low-energy  beam  transport  system  (LEBT).  For  the 
purposes  of  this  paper  the  ion  source  is  a  duoPIGatron  [4], 
providing  high  currents  with  modest  proton  fractions  (30  %- 
35  %).  The  LEBT  includes  a  60*  dipole  magnet  to  separate  the 
unwanted  molecular  species  from  the  beam.  Solenoids,  after 
the  source  and  at  the  RFQ  entrance,  match  the  ion  source 
beam  to  the  RFQ  acceptance.  A  plunging  beam  stop  (PBS)  at 
the  exit  of  the  injector  is  used  for  beam  set-up,  and  is  raised 
to  inject  beam  to  the  RFQ. 

The  accelerator  is  a  cw  four-vane  type  RFQ,  resonant  at 
267  MHz.  The  mean  bore  radius  is  4. 13  mm.  At  the  design 
peak  electric  fields  of  1.5  Kilpatrick  [5]  (24.7  MV/m)  the 
intervane  voltage  is  78  kV. 

III.  BEAM  TRANSMISSION 

The  PARMTEQ  [6]  code  predicts  85%  transmission 
(75  mA  output  current)  for  a  90  mA  0.05  Tt-cm-mrad  emit- 
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tance  input  beam.  At  injection  currents  less  than  50  mA  (i.e., 
lower  space-charge)  transmissions  in  excess  of  90%  are 
predicted.  Attempts  to  achieve  the  design  75  mA  RFQ  output 
current  with  a  three-aperture  source  on  the  RFQl  injector 
were  unsuccessful,  because  the  source  could  not  supply 
enough  current  [7].  With  the  installation  of  a  higher-current 
four-aperture  duoPIGatron,  with  15  %  higher  emittance,  the  75 
mA  RFQ  design  current  was  achieved. 

The  best  match  of  the  injector  LEBT  beam  to  the  RFQ 
acceptance  is  achieved  when  the  source  is  operated  at  matched 
perveance.  For  a  multi-aperture  source,  matched  perveance 
is  defined  as  the  output  current  which  yields  the  minimum 
beamlet-divergence  (and  hence  minimum  emittance).  As  a 
practical  means  of  varying  the  injector  current,  the  source  is 
often  operated  off-match  by  varying  the  source  plasma 
density.  Apertures  in  the  injector,  at  the  injector  solenoid  and 
in  the  vicinity  of  the  PBS,  limit  the  size  of  the  beam. 

Figure  2  shows  injector  and  RFQ  output  currents  as  a 
function  of  source  current.  Non-intercepting  beam-current 
monitors  measure  the  exit  currents,  and  the  PBS  aperture, 
downstream  of  the  injector  exit  monitor,  is  isolated  from 
ground  to  measure  intercepted  current.  At  250  mA  the  source 
is  matched,  and  transmission  is  optimized  at  80%  with  50  mA 
accelerated  current.  When  operating  the  source  "over¬ 
matched*,  proton  current  in  excess  of  the  design  90  mA  could 
be  transported  to  the  RFQ,  and  accelerated  current  approached 
a  plateau  of  about  70  mA.  RFQ  transmission  for  four-beamlet 
injection  is  lower  than  with  the  three-beamlet  source,  due  to 
the  higher  source  emittance  and  increased  PBS  aperture 
diameter  [7].  The  high  beam  loss  on  the  PBS  aperture  at 
high-current,  is  consistent  with  .space-charge  induced  beam 
blow-up  and  is  another  factor  limiting  injected  current  to  the 
RFQ.  Beam  loss  mechanisms  will  be  more  fully  investigated 
with  emittance  measurements  on  the  injector  output  beam. 


Figure  2.  Injector  and  RFQ  output  currents. 


Injector  current  may  be  varied,  without  increasing  source 
emittance,  by  maintaining  matched  perveance  while  mixing 
argon  with  the  source  hydrogen  gas  feed  [1].  When  injected 
current  is  reduced  using  this  method  transmission  increases. 


At  one-half  nominal  injection  current,  transmission  is  90%,  in 
excellent  agreement  with  PARMTEQ  predictions. 

Transmission,  at  high-current,  could  be  raised  by  increas¬ 
ing  the  vane-tip  field  above  the  design  level,  but  field  levels  in 
RFQ  1-600  were  limited  due  to  an  rf  overheating  problem  at 
the  ends  of  the  vane-seal-gaskets.  Nonetheless,  by  operating 
10%  above  the  design  field  level  and  by  running  source  beam 
in  excess  of  350  mA,  the  design  75  mA  current  was  acceler¬ 
ated  through  the  RFQ,  with  transmission  of  75  %  (with  the 
more  efficient  ECR  source  [3]  an  accelerated  current  of  79 
mA  was  achieved). 

IV.  RFQ  Output  Emittance 


An  Emittance  Measurement  Unit  (EMU)  is  used  to 
measure  the  output  beam  emittance  of  the  RFQ.  The  output 
beam  is  intercepted  by  a  moveable  water-cooled  beam-stop 
fitted  with  a  5  cm  long  copper  slit.  The  slit  transmits  a 
narrow  portion  of  the  beam  to  a  Faraday  cup  behind  a  second 
movable  slit.  Slit  arrangements  are  available  for  either  the 
X,X’  or  Y,Y*  measurements. 

Figure  3  shows  a  typical  X,X’  measurement  (i.e., 
measured  in  the  horizontal  plane  of  the  injector  60°  bend 
magnet)  for  matched  beam  injection  at  the  design  field.  Here 
the  emittance  is  0.04  ir-cm-mrad  (normalized  rms).  The 
original  four-beamlet  distribution  is  no  longer  evident  after 
acceleration  through  the  RFQ.  Under  the  same  measurement 
conditions  the  Y,Y’  emittance  was  nearly  20%  larger. 
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Figure  3.  RFQ  output  emittance  for  four-beamlet  injec¬ 
tion. 


The  four-beamlet  output  emittance  is  in  close  agreement 
with  the  value  measured  for  three-beamlet  transmission  and  is 
less  than  the  estimated  injector  emittance  (based  on  measure¬ 
ments  on  an  ion  source  test  stand).  Increasing  the  PBS 
aperture  diameter  and  operation  with  the  higher  emittance 
four-aperture  souae  had  no  measurable  effect  on  the  RFQ 
output  emittance.  This  agrees  with  PARMTEQ  calculations, 
which  indicate  that  the  RFQ  acts  as  an  eimttance  scraper  due 
to  beam  spill  at  higher  currents. 
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That  the  RFQ  acceptance  space  is  filled  is  further  shown 
by  the  change  in  emittance  when  the  RFQ  current  is  varied  by 
running  the  source  off-match.  Above  50  mA  the  emittance 
remains  constant,  while  it  increases  at  lower  currents.  The 
larger  RFQ  output  beam  emittance  is  due  to  reduced  space- 
charge  defocusing,  also  a  larger  emittance  input  beam  may 
arise  from  operating  the  source  off-match.  When  the  injector 
proton  current  was  reduced  at  matched  perveance,  by  adding 
argon  gas,  the  RFQ  output  emittance  remained  constant. 

Reducing  RFQ  field  also  results  in  increased  output  beam 
emittance.  At  matched  current  injection,  operation  of  the 
RFQ  at  80%  of  the  design  field  results  in  an  emittance 
increase  of  about  35%,  a  similar  decrease  in  transmission  also 
occurs.  The  emittance  increase  is  explained  by  the  reduced 
longitudinal  acceptance,  which  results  in  growth  of  lower- 
energy  beam  components  [6].  There  was  no  measurable 
change  in  emittance  when  fields  were  increased  to  1 10%  of 
design.  A  similar  effect  occurs  when  input  beam  energy  is 
reduced,  injection  at  45  kV  (5  kV  below  design)  resulted  in 
65%  transmission  (for  a  best  match  45  mA  injection  beam) 
and  a  30%  emittance  increase. 

V.  DIPOLE  FIELD  TILT  MEASUREMENTS 

Tlie  motor-driven  RFQl  tuners  [8]  have  been  used  to 
introduce  dipole  field  perturbations  during  beam  operation. 
Tuners  are  situated  in  opposite  quadrants  and  by  inserting  one 
and  retracting  the  other,  rf  power  (and  hence  field  levels)  in 
these  quadrants  can  be  perturbed  in  equal  and  opposite 
directions  (adjacent  quadrant  fields  are  unperturbed).  Dipole 
perturbations  were  also  induced  by  radial  movements  of  one 
vane,  lliis  raises  fields  in  the  shifted-vane  quadrants  and 
lowers  fields,  by  an  equal  measure,  in  the  quadrants  opposite 

For  matched  four-beamlet  injection,  beam  transmission 
was  unaffected  when  quadrant  fields  differed  by  less  than  8%. 
A  measurement  with  a  field  difference  of  14%  showed  a  trans¬ 
mission  decrease  of  10%.  Over  the  range  of  field  imbalances 
investigated  no  change  in  output  emittance  was  found.  These 
measurement  results  are  in  good  agreement  with  PARMTEQ 
predictions. 

VI.  SUMMARY 

The  experimental  program  on  RFQ  1-600  has  been 
completed  and  the  major  design  goals  have  been  achieved. 
The  RFQ  proved  to  be  a  robust  and  reliable  machine  capable 
of  operating  up  to  the  1.6  Kilpatrick  field  level.  A  high 
tolerance  to  cw  beam  spill  ( >  30  mA)  in  the  structure  facili¬ 
tated  the  measurement  of  beam  parameters  over  a  range  of 
"off-optimum"  operating  conditions. 

Measured  transmission  and  emittance  were  in  agreement 
with  PARMTEQ  code  predictions  over  a  wide  range  of 
operating  conditions. 
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Abstract 

On  July  14,  1989  a  beam  of  positrons  was  injected 
into  LEP  from  the  SPS  and  completed  the  first  full  turn. 
One  month  later  all  4  experiments,  ALEPH,  DELPHI, 
OPAL  and  L3  detected  their  first  Z®  particles. 

From  September  to  December  1989,  the  machine  was 
operated  in  a  mixed  mode  of  machine  studies  and  operation 
for  physics.  At  the  end  of  this  period  a  total  of  over  1.7 
inverse  picobarns  of  integrated  luminosity  had  been 
recorded  per  experiment,  resulting  in  a  total  of  more  than 
70,000  Z^s  detected. 

At  the  request  of  the  pliysicists,  the  energy  of  each  fill 
was  varied,  half  the  number  of  fills  were  at  the  Z®s  peak, 
i.e.  a  centre-of-mass  energy  of  91.25  GeV,  the  rest  at  ±  3, 
1 2,  ±  1  GeV  around  the  peak  energy. 

During  1990,  LEP  was  operated  in  the  same  way  as  in 
1989.  From  March  to  July  1990,  12.1  inverse  picobarns 
and  three  quarters  of  a  million  Z^s  were  produced. 

Physics  fills  of  6  hours  duration  in  1989  were  increased 
to  10-12  hours  in  1990  as  the  lifetimes  of  the  beams 
increased  with  the  steadily  improved  vacuum  in  the  ring. 

This  paper  summarizes  the  experience  over  the  first 
two  years  of  LEP  operation  giving  typical  and  peak  perfor¬ 
mance  figures. 

I.  THE  FILLING  PROCESS 

The  first  part  of  the  SPS  supercycle  is  dedicated  to 
injection,  acceleration  and  exu-aclion  of  pretons  from  14  to 
450  GeV. 

Four  bunches  of  positrons  at  3.5  GeV  are  then  injected 
and  accelerated  to  20  GeV  before  being  ejected  and 
transferred  to  LEP.  Four  more  bunches  of  positrons  follow 
1.2  seconds  later  followed  by  two  cycles  of  four  electron 
bunches.  Intensities  of  about  8  x  10^  particles  per  bunch 
are  typical.  In  special  machine-study  sessions  a  single 
bunch  current  of  0.75  mA  (approximately  4  x  10*  • 
particles)  has  been  accumulated,  with  a  total  of  2.8  mA  in 
the  four  bunches.  The  design  intensity  is  0.75  mA  in  each 
of  the  four  electron  and  positron  bunches. 

Under  optimum  conditions  the  leptons  are  injected  into 
LEP  and  accumulated  at  a  rate  of  0.3  mA  per  minute.  The 
average  total  ir.tansity  of  electrons  and  positrons 
accumulated  at  20  GeV  in  1989  as  2.2  mA;  there  was  little 
increase  from  September  uj  DcccmU-r,  1989.  In  1990,  after 
optimizing  the  length  of  the  bunch  coming  from  the 
injectors  from  2.5  to  3.0  n; .  and  a  .  hangc  of  working 
point  from  Qh  =  71.375,  7’’.29o  to  Qh  =  71.280, 

Qv  =  77.190,  there  was  a  sie^ias  i..aeasc  in  accumulated 
current  to  an  average  overall  t.!l  of  3.1  mA,  with  a 
maximum  of  4.2  mA. 

Beam  is  accumulated  at  20  Ge\  .  i  machine  wiih 
low  beta  insertions,  B*  of  21  cm.  provided  by  the 
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superconducting  quadrupoles  in  those  regions  in  the  four 
experimental  points. 

Ramping  the  beam  to  physics  energies  from  20  to 
45.625  GeV  is  reached  in  7  minutes  at  present  although 
this  can  be  reduced  to  less  than  1  minute  if  required. 

Squeezing  of  the  beams  at  collision  energies  in  the  four 
interaction  regions  is  applied  after  correction  of  tunes  and 
closed  orbit.  The  squeeze  in  the  vertical  plane  from  21  cm 
to  7  or  5  cm  takes  about  2  minutes:  this  is  followed  by 
further  tune  and  orbit  corrections. 

II.  MACHINE  PERFORMANCE  FOR  PHYSICS 

With  averages  of  3.5  mA  total  beam  accumulated  at 
20  GeV,  3.0  mA  are  typically  seen  in  tlie  experiments  after 
the  ramp  and  squeezing  process  at  45  GeV  with  modest 
background  levels.  Steady  reproducible  operation  for  the 
four  experiments  has  been  possible  with  these  levels  of 
intensity.  Peak  and  mean  performance  figures  for  1989  and 
1990  are  given  in  Table  1. 


Numlttr  oi  Fills 


Figure  1.  Integrated  iu.iunosity  for  1989  and  1990. 

The  integrated  lumii;osities  for  1989  and  1990  arc 
plotted  in  Figure  1  together  with  the  integrated 
luminosities,  for  1990,  measured  by  the  four  experiments. 
At  currents  in  excess  of  3  mA  at  peak  energies,  there  is  an 
appreciable  beam-beam  effect  which  leads  to  increased 
bi^m  size  and  corresponding  reduction  in  luminosity  seen 
by  the  experiments  compared  to  tha  ,  .'.pected  from  scaling 
with  intensity. 

Attempts  to  run  for  physics  at  vertical  beta*  lower  than 
7  cm  in  1989  were  stopped  due  to  non-reproducibility  of 
results;  in  some  experiments,  there  was  no  measurable 
improvement  in  the  luminosity  at  the  lower  values. 
Operation  at  4.3  cm  was  much  more  critical  than  at  7  cm. 
In  1990  good  reproducible  operating  conditions  were 
achieved  with  a  B*  of  5  cm. 
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In  common  with  the  experiences  reported  from  other 
electron  machines  [IJ,  good  vertical  orbit  control  is 
essential  to  achieve  satisfactory  accumulation  at  the 
injection  energy  and  high  luminosities  at  top  energy. 
Furthermore,  a  well-corrected  vertical  orbit  in  the  RF 
straights  helps  to  reduce  the  risk  of  synchro-betatron 
resonances.  As  is  well  known  [2],  the  effect  of  coupling 
together  with  the  influence  of  the  vertical  closed  orbit  on 
residual  vertical  dispersion,  have  a  strong  impact  on 
vertical  emittance.  The  notion  of  "Golden  Orbits",  which 
provide  short-term  reference  points  for  good  operation,  was 
invoked  in  1990  with  some  success.  Empirical  application 
of  symmetric  and  asymmetric  vertical  closed  orbit  bumps 
around  the  even  interaction  points  (thereby  including  the 
superconducting  insertion  quads,  beta  ~  400  m)  was  also 
us^  operationally  with  success.  These  bumps  modified  the 
dispersion  and  also  had  the  effect  of  improving  the 
badeground  conditions  for  the  physics  experiments. 

Since  the  beginning  of  1990  continuous  measurements 
of  the  tunes  during  critical  phases  of  machine  operation 
like  energy  ramping  or  beta  squeezing  are  possible.  This  is 
either  done  in  the  FFT  mode  of  the  Q-mcasurement  system 
or  in  PLL  mode.  On  the  first  case  the  tunes  are  derived 
from  the  peaks  of  the  spectral  distribution  of  the  beam 
movement  or  in  the  second  case,  by  reading  the  frequency 
of  the  beam  exciter,  which  by  means  of  a  phase  lock 
condition  maintains  steady  beam  oscillations  at  the 
resonance  of  the  beams. 

These  measurements  were  successfully  ivscd  to  correct 
the  curreut  variations  during  energy  ramping  to  maintain 
the  tunes  constant  within  Aq  £  0.02. 


A  further  improvement  in  tune  stability  was  the 
contraction  of  a  closed  loop  digital  tune  digital  tune 
regulator,  which  based  on  the  continuous  tune  measure¬ 
ments  computer  concction  signals  for  the  main  quadrupole 
PCs  and  maintained  the  tunes  constant  within  Aq  <  0.005. 

The  different  luminosities  seen  by  the  four  experiments 
were  extensively  studied.  In  the  last  month  of  operation  in 
1990,  optimization  of  the  currents  in  the  low-beta 
insertion  superconducting  quadrupoles  resulted  in  an 
improved  uniformity  and  an  overall  increase  for  given 
intensities.  One  source  of  the  difference  was  traced  to  a 
misalignment  of  the  quadrupoles  in  the  cryostat. 

III.  INTERRUPTIONS  TO  NORMAL  OPERATION 

An  average  of  36%  of  the  scheduled  time  for  physics 
operation  was  spent  data  mking  in  1989  and  43%  in  1990. 

In  1989  and  1990,  35%  and  33%  respectively  of  all 
nils  were  lost  due  to  equipment  faults.  A  number  of  these 
occurred  when  a  power  converter  tripped  off  due  to  cooling 
problems,  or  the  mains  voltage  dipped.  Concerning  the  RF 
system,  the  largest  such  system  in  the  world,  trips  in  one 
or  more  of  the  RF  units  was  a  feature  of  LEP  operation  in 
1990. 

During  the  period  of  commissioning  of  the  many  LEP 
systems  efficiency  was  reduced  in  1989  by  the  second  type, 
as  is  usual  with  a  new  and  complex  machine.  Improved 
understanding  of  the  operation  and  faster  recovery  from 
equipment  failures  resulted  in  shorter  turn-around  times  in 


1990. 


Table  1 

LEP  performance  during  physics  operations  in  1989  and  1990 


1989 

1990 

Design 

Best 

Average 

Bes- 

Average 

Total  current  accumulated  20  GeV 

mA 

2.85 

2.20 

4.20 

3.10 

6 

Beta  at  the  experiments  (V) 

cm 

7 

7 

4.30 

7  and  5 

7 

Current  in  collisions  45  GeV 

mA 

2.64 

1.66 

3.60 

2.50 

6 

Calculated  initial  luminosity 

1030 

4.25 

1.59 

11.00 

5.10 

16 

Calculated  integrated  luminosity 

pb' 

1.74 

12.10 

Filling  time 

h.min 

0;50 

7:35 

1:20 

6:57 

Coast  duration 

h:min 

12:45 

5:00 

22:35 

7:30 

Total  coast  time/scheduled 

% 

36 

43 

Total  number  of  coasts 

97 

143 

Percentage  of  coasts  lost 

% 

35 

33 

pb’’  =  Inverse  picobams.  Calculation  based  on  intensities,  cmiiiance. 
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Due  to  the  high  degree  of  computerization,  software 
problems  and  inefficiencies  caused  significant  delays 
between  coasts  in  1989.  There  has  been  considerable 
improvement  in  1990  but  much  has  still  to  be  done. 

All  CERN  machines  are  affected  by  critical  days,  i.e, 
days  during  which  the  electricity  supply  company,  under 
the  contract  terms,  can  request  the  shedding  of  load  for  a 
period  of  18  hours  per  day,  for  22  days  spread  randomly 
over  the  5  months  from  November  to  March.  Six  days  of 
operation  were  lost  in  1989  and  five  in  1990. 
Thunderstorms  in  the  region  result  in  interruptions  due  to 
voltage  dips  on  the  50  km  overhead  400  kV  line  from  the 
power  station  to  CERN. 

The  injector  chain  contributed  little  to  the  down  time 
although  vacuum  leaks  in  the  RF  cavities  in  both  the  SPS 
and  PS  were  a  source  of  concern;  the  leaks  were  on  the 
damping  loop  bellows  which  took  the  cavity  off-tune 
during  Uie  passage  of  the  high  intensity  protons.  This  was 
less  of  a  problem  in  1990. 

Analysis  of  seven  weeks  of  LEP  fills  in  1990  is 
shown  in  Table  2.  The  times  for  filling,  ramping  and 
squeezing  for  60  fills  are  indicated  compared  to  the  shortest 
turn-around  time  so  far  recorded  in  1990,  fill  number  235. 
Short-term  interruptions  randomly  spread  over  all  the  LEP 
systems  and  non-reproducible  accumulation  conditions 
resulted  in  a  doubling  in  the  filling  time.  Fill  times  of 
about  one  hour  are  expected  in  1 99 1 . 

IV.  JOINT  LEP  AND  SPS  OPERATIONS 

A  decision  was  taken  early  in  the  LEP  project  by  the 
LEP  management  board  that  LEP  should  be  operated  from 
the  SPS  control  building  by  the  Group  responsible  for 
SPS  operations.  Combined  operations  of  SPS  and  LEP 
has  proved  very  successful. 

During  the  commissioning  phase  the  Operations 
Group  worked  with  the  equipment  specialists  and  machine 
physicists,  and  by  September  1989  the  Group  was  in  full 
operation  control  for  physics  running  and  contributed  to 
the  machine  studies. 


While  the  commissioning  of  LEP  was  being  done,  the 
SPS  continued  a  full  programme  of  fixed  target  proton 
physics,  operated  from  the  same  building  but  from  a  room 
separate  from  LEP  operations.  In  1990,  during  the  yearly 
two  months  maintenance  stop,  the  SPS  control  room  was 
modified  and  LEP  operation  consoles  installed;  the 
operation  of  the  two  machines  is  now  successfully  and 
efficiently  done  from  the  same  room  by  a  crew  of  four. 
There  has  been  no  measurable  reduction  in  the  efficiency  of 
operation  of  the  SPS  during  operation  of  LEP. 

The  primary  services  for  LEP  operation  were  also 
supervised  from  the  SPS-LEP  operations  building  during 
this  period.  These  services  include  electricity,  water, 
ventilation,  cryogenics,  vacuum,  controls,  radiation 
surveillance,  fire  alarms,  and  others.  This  function  has 
been  incorporated  in  the  CERN-wide  primary  services 
supervision  from  the  start  of  1991. 
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Table  2 

Analysis  of  seven  weeks  of  LEP  fills  in  1990 


Down 

Time 

Recovery 

Accumul¬ 

ation 

Ramp 

Squeeze 

Total 

fill 

Physics 

Total 

Cycle 

Average 

1:31 

0:31 

2:11 

0:28 

0:27 

5:09 

7:52 

13:01 

r.m.s. 

2:18 

0:45 

1:55 

0:14 

0:18 

3:28 

5:04 

6:12 

Minimum 

0:00 

0:00 

0:30 

0:05 

0:07 

1:20 

0:12 

• 

Maximum 

10:00 

4:10 

11:15 

1:10 

1:40 

16:50 

22:35 

34:00 

Shortest  fill  time 

0:30 

0:00 

0:30 

0:05 

0:15 

1:20 

9:02 

10:2? 

All  times  in  hoursiminutes 
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Accelerator  Energy  Conservation  at  Fermilab 


James  P.  Morgan 
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Batavia,  IL  60510 


Abstract 

The  Fermilab  Accelerator  Division  has  adopted  an  energy 
conservation  plan  in  an  attempt  to  reduce  power  levels 
during  extended  periods  of  beam  downtime.  The  plan 
was  implemented  for  the  first  time  during  the  1990  Fixed 
Target  program.  In  this  paper  I  will  describe  how  acceler* 
ator  power  levels  are  reduced,  and  attempt  to  assess  the 
impact  of  the  plan  on  accelerator  operations  and  energy 
consumption. 


1  Introduction 

The  Fermi  National  Accelerator  Laboratory  is  a  large  con¬ 
sumer  of  electrical  power,  using  about  as  much  as  a  mod¬ 
erate  sized  town.  During  periods  of  High  Energy  Physics 
(H.E.P.),  the  accelerators  and  related  support  equipment 
consume  more  than  half  of  the  site-wide  power.  There 
are  periods  of  time  when  component  failure  causes  a  dis¬ 
ruption  in  the  Physics  program.  It  is  possible  to  conserve 
energy  during  these  periods  of  beam  downtime  without 
adversely  affecting  machine  dependability. 

Although  the  Accelerator  Operations  group  strives  to 
provide  steady  beam  during  Physics  runs,  there  are  in¬ 
evitably  periods  when  the  beam  is  interrupted  by  equip¬ 
ment  failures.  In  the  past,  the  main  power  supplies  for 
the  various  accelerators  would  continue  to  run,  despite 
the  fact  that  there  was  no  beam  to  accelerate.  The  1990 
Fixed  Target  run  had  the  highest  reliability  of  the  Teva- 
tron  era,  but  still  had  over  1,000  hours  of  downtime.  Dur¬ 
ing  past  Physics  runs,  there  were  often  unneeded  Main 
Ring  Cycles  occuring  that  are  now  removed.  The  Accel¬ 
erator  Operations  group  began  to  informally  investigate 
the  possibility  of  reducing  power  levels  during  periods  of 
beam  downtime  in  1987.  Initial  results  were  encouraging, 
but  a  tormal  plan  was  not  created  until  the  Department 
of  Energy  offered  incentives  for  energy  reduction  ideas. 
During  the  Fixed  Target  program  in  1990,  the  first  formal 
accelerator  energy  conservation  plan  was  put  into  effect. 
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2  Modes  of  Operation 

2.1  Fixed  Target 

During  Fixed  Target  operation,  the  particle  beam  actually 
travels  through  a  series  of  five  accelerators  before  being  de¬ 
livered  to  the  experimental  areas.  A  failure  of  any  one  of 
these  machines  will  prevent  beam  from  being  available  to 
the  experimenters.  The  journey  begins  in  the  Preacceler¬ 
ator,  where  H-  ions  are  accelerated  to  750  keV.  The  ions 
continue  through  the  Linac,  and  exit  with  a  kinetic  energy 
of  200  MeV.  The  first  circular  accelerator  is  the  Booster, 
which  cycles  at  15  Hz  and  has  an  extraction  energy  of 
8  GeV.  During  injection  into  the  Booster,  the  electrons 
are  stripped  from  the  Hydride  ions,  leaving  protons.  The 
8  GeV  protons  are  transported  to  the  Main  Ring,  which 
was  originally  the  final  accelerator.  It  now  serves  as  an 
iivjector  for  the  Tevatron  and  it  takes  3  seconds  to  acceler¬ 
ate  beam  to  the  Tevatron  injection  energy.  The  Tevatron 
accepts  150  GeV  protons  from  the  Main  Ring  and  acceler¬ 
ates  them  to  800  GeV.  The  Tevatron  cycle  repeats  every 
57  seconds.  The  particles  are  resonantly  extracted  to  the 
experimental  areas  through  a  system  of  transport  lines 
and  splitting  stations  known  as  the  Switchyard. 

2.2  Colliding  Beams 

Unlike  Fixed  Target  operation,  where  the  particle  beam 
is  extracted  from  the  Tevatron,  proton  and  antiproton 
beams  are  stored  for  long  periods  of  time  in  the  Teva¬ 
tron  during  Colliding  Beams.  The  “stores”  may  last  for 
more  than  a  day  barring  equipment  failure.  While  data  is 
being  taken  at  the  experimental  facilities,  the  other  accel¬ 
erators  are  used  to  provide  beam  for  antiproton  produc¬ 
tion.  The  particle  beam  follows  the  same  path  through 
the  Preaccelerator,  Linac,  Booster  and  Main  Ring,  though 
the  final  energy  for  “Pbar  stacking”  is  120  GeV.  The  120 
Gev  protons  are  extracted  from  the  Main  Ring  and  strike 
a  Copper  target.  Among  the  resultant  secondaries  ate 
antiprotons  of  approximately  8  Gev  which  ate  directed 
to  a  Debunchet  ring  for  reduction  of  momentum  spread 
and  emittance,  then  to  the  Accumulator  ting  for  storage. 
When  a  new  store  is  initiated,  antiprotons  are  extracted 
from  the  Accumulator,  then  accelerated  in  the  Main  Ring 
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Fixed  Target 

Collider 

Shut  down 

Linac 

2.0 

2.0 

Booster 

2.5 

2.5 

Main  Ring 

3.5 

5.0 

0 

Tevatron 

3.0 

1.5 

0 

Cryogenics 

11.5 

10.5 

1.0 

Swyd./8-Gev. 

1.7 

0.9 

0.3 

Util./Misc. 

10.3 

12.1 

6.7 

Accel.  Total 

34.5 

34.5 

10.0 

Exper.  Areas 

17.0 

6.5 

Other 

3.5 

4.0 

HQIIIII 

Site  Total 

55.0 

45.0 

16.5 

Table  1:  Typical  Monthly  Average  Power  Levels  (MW) 


before  transfer  to  the  Tevatron.  The  Tevatron  accelerates 
the  counter-rotating  beams  of  protons  and  antiprotons  to 
900  Gev. 

3  Site  Power  Consumption 

SitC'wide  power  consumption  increases  substantially  dur¬ 
ing  H.E.P.  periods  (see  Ttible  1).  In  addition  to  the  power 
used  by  the  magnet  power  supplies  and  utilities,  there  is 
also  considerable  power  use  by  the  cryogenic  system  and 
experimental  areas.  A  long  list  of  smaller  power  supplies 
and  support  equipment  also  is  energised  during  tunning 
periods.  Site  power  useage  is  higher  during  Fixed  Target 
Physics,  but  the  difference  is  primarily  due  to  increased 
power  consumption  in  the  experimental  areas.  Although 
Tevatron  power  use  is  lower  in  Collider  mode,  this  is  offset 
by  an  increase  in  Main  Ring  power.  Linac  and  Booster 
power  levels  are  the  same  in  both  modes  of  operation. 
During  Fixed  Target,  the  Switchyard  transport  lines  are 
energised  to  deliver  beam  to  the  experimental  areas.  The 
Switchyard  is  not  powered  during  Collider  operation. 

4  Description  of  Plan 

The  current  energy  conservation  plan  initiates  the  reduc¬ 
tion  of  accelerator  power  levels  in  a  way  that  won’t  delay 
the  return  of  beam  when  the  downtime  ends.  Also,  dur¬ 
ing  normal  operation,  the  number  of  accelerator  cycles  is 
monitored,  and  any  extraneous  cycles  are  removed.  This 
combination  of  trimming  unneeded  power  use,  and  reduc¬ 
ing  power  consumption  during  component  failures  is  the 
nucleus  of  the  plan.  It  is  critical  that  power  levels  be  re¬ 
duced  in  an  uncomplicated  way  and  that  the  accelerators 
return  to  their  normal  mode  of  operation  quickly. 

After  careful  consideration,  it  was  decided  that  the  ben¬ 
efits  from  reducing  Linac  power  was  more  than  offset  by 
potential  difficulties.  Potential  power  savings  would  be 
small,  and  reduction  would  not  be  able  to  be  performed 
quickly  or  dependably.  Similarly,  it  was  decided  that 
Booster  power  levels  would  be  only  reduced  during  lengthy 


periods  of  beam  downtime.  The  main  power  supply  for  the 
Booster  is  the  Gradient  Magnet  Power  Supply  (G.M.P.S.). 
Although  there  is  a  power  reduction  of  about  1  MW  when 
G.M.P.S.  is  turned  off,  there  is  a  small  loss  in  transmis¬ 
sion  efficiency  due  to  thermal  effects  when  the  supply  is 
first  powered  up.  This  problem  can  be  mitigated  by  pow¬ 
ering  up  GMPS  a  few  minutes  before  the  down  period  is 
expected  to  end. 

The  Main  Ring  and  Tevatron  provide  the  best  opportu¬ 
nities  for  conserving  accelerator  energy  at  Fermilab.  For 
periods  of  downtime  anticipated  to  be  less  than  an  hour, 
the  duty  cycle  of  the  Main  Ring  is  reduced  substantially. 
In  this  way  magnet  temperatures  do  not  drop  drastically, 
and  power  supplies  and  the  R.F.  continue  to  be  period¬ 
ically  exercised.  For  periods  of  downtime  anticipated  to 
last  a  number  of  hours,  the  Main  Ring  ramp  is  turned 
off  totally.  The  Tevatron  is  normally  held  at  the  “reset 
energy"  of  90  Gev  during  down  periods.  Running  at  this 
low  energy,  and  D.C.,  the  power  supply  output  and  cryo¬ 
genic  demands  are  very  small.  Both  rings  can  be  brought 
back  to  the  normal  running  mode  in  a  minute  or  two.  By 
reducing  the  Main  Ring  ramps  and  placing  the  Tevatron 
into  a  low  energy  store,  power  levels  for  the  two  machines 
are  typically  reduced  from  about  6.S  MW  to  1  MW.  In  ad¬ 
dition,  there  is  savings  from  the  reduced  demand  on  the 
refrigeration  system. 

During  Fixed  Target  operation,  the  Switchyard  is  used 
to  transport  beam  to  the  experimental  areas.  During  the 
Tevatron  cycle,  the  majority  of  the  Switchyard  magnets 
are  ramped  up,  and  held  at  high  field  during  the  extrac¬ 
tion  process,  which  takes  about  20  seconds.  It  is  possible 
to  prevent  the  magnets  from  ramping  by  withholding  the 
ramp  trigger.  An  automated  system  was  developed  that 
temporarily  disables  the  trigger  on  cycles  when  no  beam 
is  present  in  the  Main  Ring  and  Tevatron.  The  Experi¬ 
mental  Areas  are  also  provided  with  a  trigger  at  the  same 
time  to  reduce  power  levels  in  their  beamlines.  When  the 
Switchyard  does  not  ramp,  the  power  consumption  is  re¬ 
duced  by  1.2  MW. 

5  Operational  Experience 

Results  from  the  1990  Fixed  Target  run  have  been  very  en¬ 
couraging.  After  a  short  period  of  experimentation  early 
in  the  Physics  run,  the  mechanics  of  reducing  power  were 
worked  out  in  such  a  way  that  machine  reliability  was  not 
adversely  affected.  Because  of  the  concern  about  cycling 
power  supplies,  energy  levels  were  normally  reduced  by 
decreasing  duty  cycles. 

To  reduce  Main  Ring  power,  the  number  of  ramps  was 
reduced  to  two  120  GeV  ramps  every  57  second  cycle. 
The  operational  configuration  of  ramps  could  quickly  be 
returned  when  needed.  This  also  reduced  the  amount  of 
thermal  changes  that  the  magnets  experienced.  Typically, 
temperatures  changed  by  small  amounts,  and  returned  to 
their  previous  levels  within  a  few  minutes  of  restoring 
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Sitewide 

Accelerator 

Exp.  Areas 

1987 

Collider 

45.6 

34.7 

1987-88 

34.4 

17.3 

Fixed  Target 

32.5 

1988-89 

Collider 

44.5 

34.0 

6.2 

1990 

16.9 

Fixed  Target 

Table  2:  Average  Power  Levels  (MW)  Phar  subiracied 


the  normal  ramp  configuration.  The  Tevatron  was  put 
into  a  low  energy  D.C.  mode  to  reduce  power.  To  avoid 
problems  with  remnant  field  changes,  the  Tevatron  was 
normally  ramped  a  few  times  before  beam  was  iivjected. 
Often  the  Main  Ring  and  Tevatron  could  be  returned  to 
their  operational  state  shortly  before  the  downtime  ended. 
Switchyard  energy  reduction  was  automated,  and  required 
mininud  operator  intervention.  The  only  difRculty  ob¬ 
served  was  that  the  Switchyard  showed  small  beam  posi¬ 
tion  changes  after  the  magnets  had  not  been  powered  for 
approximately  an  hour  or  more. 

6  Power  Saved 

At  first  glance,  a  look  at  the  raw  power  data  from  the  past 
two  Fixed  Target  runs  is  somewhat  discouraging.  Av¬ 
erage  power  levels  for  the  Site  were  approximately  the 
same.  The  accelerator  related  energy  use  showed  a  small 
increase,  and  the  Experimental  Areas  showed  a  small  de¬ 
crease  (see  table  2).  However,  there  were  several  notable 
differences  between  the  two  Fixed  Target  programs  that 
mask  the  success  of  the  energy  conservation  program.  The 
large  decrease  in  component  failure  during  the  most  re¬ 
cent  run  is  the  most  significant  difference.  During  Teva¬ 
tron  magnet  change.s,  the  accelerators  and  beamlines  are 
turned  off  for  up  to  5  days.  The  numerous  magnet  re¬ 
placements  caused  the  average  site  power  for  the  run  to 
be  artificially  low.  Also,  there  was  an  experiment  added  to 
the  Antiproton  (Pbar)  source  for  the  1990  program.  This 
required  power  for  the  Pbar  rings,  as  well  as  additional 
Main  Ring  cycles  used  to  accumulate  antiprotons.  Tbble 
2  reflects  the  net  site  and  Accelerator  power  levels  for  the 
two  runs  when  Pbar  power  levels  are  disregarded. 

The  1990  Fixed  Target  run  saw  a  dramatic  reduction 
in  downtime  over  the  previous  run  (see  table  3).  A  large 
percentage  of  the  downtime  that  occured  during  the  1987- 
88  Fixed  Target  run  was  due  to  Tevatron  magnet  failures. 
A  program  of  magnet  maintenance  and  repair  between 
the  two  runs  drastically  reduced  the  number  of  failures. 
This  (happily)  resulted  in  fewer  opportunities  to  conserve 
power  then  expected. 

r.  is  relatively  easy  to  account  for  the  differences  in 
power  use  due  to  the  Pbar  experiment.  The  Pbar  power 
levels  were  calculated  for  both  running  periods  and  sub¬ 


Fixed  Target 

Fixed  Target 

1987-88 

1990 

H.E.P. 

2,872 

3,205 

Studies 

619 

344 

“Up”  Time 

3,491 

3,549 

Failure 

2,047 

1,225 

Start-Up 

181 

98 

Total 

5,719 

4,872 

Table  3:  Machine  Reliability  (Hours) 


tracted  from  the  accelerator  total.  Records  exist  v/hich 
indicated  approximately  how  many  Main  Ring  cycles  were 
required  for  Pbar  production.  After  the  data  has  been  cor¬ 
rected  in  this  way,  a  reduction  in  accelerator  power  use  is 
apparent. 

It  is  more  difRcult  to  normalize  the  power  data  to  the 
dependability  of  the  accelerators.  It  is  clear  that  the  av¬ 
erage  power  for  the  1987-88  Fixed  Target  run  would  have 
been  significantly  higher  if  it  wasn’t  for  the  large  amount 
of  downtime.  Using  data  from  Table  2,  the  accelerators 
were  engaged  in  H.E.P.  or  studies  61%  of  the  time  in 
the  1987-88  run,  and  73%  of  the  time  in  the  1990  run. 
Two  methods  were  used  in  an  attempt  estimate  the  en¬ 
ergy  saved.  In  the  first,  monthly  data  was  compared  from 
the  two  runs  that  had  approximately  the  same  amount  of 
downtime.  This  involved  taking  the  best  months  from  the 
1987-88  run  and  comparing  them  to  the  worst  months 
from  the  1990  run.  The  second  involved  extrapolating 
data  from  the  1987-88  run  to  match  the  1990  run.  Al¬ 
though  both  methods  are  imperfect  and  highly  subjective, 
they  both  arrived  at  an  energy  reduction  of  about  3  MW 
for  accelerator  related  power.  The  Switchyard  contribu¬ 
tion  was  a  7%  reduction  in  ramps,  which  amounts  to  only 
.1  MW.  This  would  suggest  that  experimental  areas  beam¬ 
lines  realized  an  average  power  reduction  of  up  to  .7  MW 
(they  use  8-10  MW  when  running).  When  integrated  over 
the  entire  29  week  Fixed  Target  run,  this  would  amount 
to  14,600  MW-Hr  saved  by  the  accelerator  division,  and 
3,400  MW-Hr  by  the  Experimental  Areas. 

7  Conclusion 

The  Accelerator  Division  conservation  program  was  suc¬ 
cess  during  the  most  recent  Physics  run.  A  substantial 
amount  of  energy  was  saved  with  minimal  impact  on  ma¬ 
chine  reliability.  Future  efforts  will  be  directed  towards 
automating  energy  reduction. 
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Abstract 

Fennilab  has  initiated  a  design  for  a  new  Main  Injector 
(150  GeV  proton  synchrotron)  to  take  the  place  of  the  current 
Main  Ring  accelerator.  "New  Culture"  environmental  and 
safety  questions  are  having  to  be  addressed.  The  paper  will 
detail  the  necessary  steps  that  have  to  be  taken  in  order  to 
obtain  the  permits  which  control  the  start  of  construction. 
Obviously  these  depend  on  site-specific  circumstances, 
however  some  steps  are  universally  applicable.  In  the 
example,  floodplains  and  wetlands  are  dfect^  and  therefore  the 
National  Environmental  Policy  Act  (NEPA)  compliance  is  a 
significant  issue.  The  important  feature  is  to  reduce  the 
relevant  regulations  to  a  concise  set  of  easily  understandable 
requirements.  The  effort  required  and  the  associated  time  line 
will  be  presented  so  that  other  new  accelerator  proposals  can 
benefit  from  the  experience  gained  from  this  example. 

I.  INTRODUCTION 

The  U.S.  Department  of  Energy  (DOE)  proposes  to 
construct  and  operate  the  "Fermilab  Main  Injector"  (FMI) 
accelerator,  which  would  be  a  ISO  GeV  proton  synchrotron,  at 
the  Fermi  National  Accelerator  Laboratory  fermilab)  in 
Batavia,  Illinois.  The  paper  VGR  2  Achieving  High 
Luminosity  in  the  Fermilab  Tevatron  given  by  S.D.Holmcs, 
describes  the  details  of  the  design.  Since  always  at  the 
forefront  in  environmental  issues  is  the  "no  action  alternative," 
it  seems  appropriate  to  repeat  the  justification  for  the  project. 

The  high  energy  physics  program  at  Fermilab  investigates 
the  structure  of  matter  using  the  collision  of  particles  to  create 
new  matter.  These  collisions  take  place  in  the  Tevatron  tunnel 
and  in  the  fixed  target  experimental  areas.  The  FMI  would 
provide  particles  for  injection  into  the  Tevatron,  and  for 
delivery  to  the  existing  fixed  target  experimental  areas  during 
collider  operations.  The  FMI  would  permit  simultaneous 
operation  of  Fermilab's  collider  and  fixed  target  programs, 
thereby  making  possible  an  increase  in  Fermilab's  physics 
output.  In  order  for  Fermilab  to  maintain  a  vital  long-range 
colliding-beam  physics  program,  it  is  necessary  that  the 
luminosity  increase  significantly  each  year  so  that  higher 
energy  constituent  collisions  can  be  explored.  The  cumulative 
integrated  luminosity  should  roughly  double  every  year  in  order 
that  new  physics  can  be  explored. 

In  October  1989,  the  Director  of  the  Office  of  Energy 
Research  of  the  DOE  asked  HEPAP  to  offer  guidance  with 
regard  to  "the  relative  importance  and  appropriate  balance,  (a) 
between  operations  and  major  upgrades  at  a  given  laboratory, 
and  (b)  among  the  proposed  major  upgrades  and  new  facilities 
at  the  various  laboratories."  In  April  1990  HEPAP  issued  the 
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report  (Report  of  the  HEPAP  Sub-panel  on  the  U.S.High 
Energy  Physics  Research  Program  for  the  1990's).  HEPAP 
unanimously  endorsed  this  report  at  a  meeting  on  April  23  and 
24,  1990.  The  report  says  "The  Sub-panel  (1)  strongly 
recommends  the  immediate  commencement  and  speedy 
completion  of  construction  of  the  Tevatton  Main  Injector  at 
Fermilab...  (2)  The  Sub-panel  assigns  highest  priority  to  the 
first  of  its  recommendations.  The  increased  luminosity 
provided  by  the  Tevatron  Main  Injector  will  place  Fermilab  in 
an  excellent  position  to  discover  the  top  quark.  The  necessary 
technology  for  this  project  is  firmly  in  hand,  and  a  carefully 
considered  and  reliable  design  exists."  On  the  basis  of  this 
recommendation,  the  FMI  was  included  in  the  President's 
FY92  budget  submitted  to  Congress  on  February  4, 1991. 

The  Fermilab's  Tevatron  is  presently  running  with  a  peak 
luminosity  of  2x10^^.  Fermilab's  primary  design  goal  is  to 
increase  the  luminosity  at  the  collider  detectors  by  at  least  a 
factor  of  30.  Another  goal  is  to  increase  the  intensity  of 
protons  for  fixed  target  operation  by  a  factor  of  3.  Increasing 
the  luminosity  is  intimately  related  to  increasing  the  number 
of  antiproions  available.  Measures  are  currently  being  taken  to 
increase  the  antiproton  production  rate  by  a  factor  of  about  3. 
However,  following  implementation  of  these  improvements, 
the  20-year-oId  Main  Ring  accelerator  will  remain  the  primary 
bottleneck  restricting  further  production  rate  improvements. 
All  of  the  accelerators  that  are  involved  in  the  production  of 
antiprotons  have  significantly  larger  apertures  than  the  Main 
Ring;  therefore,  the  Main  Ring  is  the  iottleneck  in  antiproton 
production.  The  FMI  would  remove  this  bottleneck,  since  it 
replaces  the  old  Main  Ring  in  all  of  its  functions,  and  its 
aperture  would  be  matched  to  the  other  accelerators  thereby 
assuring  the  achievement  of  a  luminosity  of  5xl(P^ 

II.  DOE  NEPA  INITIATIVE 

Sensitivity  to  Environmental  issues  increased  significantly 
with  the  appointment  of  Admiral  James  Watkins  (Ret.)  as 
Secretary  of  Energy  by  President  Bush.  In  June  1989, 
Adm.  Watkins  (Ret)  announced  a  ten-point  initiative  intended 
to  strengthen  environmental  protection,  safety  and  waste- 
management  activities  in  the  U.S.Department  of  Energy.  In 
February  1990,  SEN- 15  was  issued  which  clarified  the  NEPA 
(National  Environmental  Policy  Act  signed  into  law  by 
President  Nixon  on  New  Years  Day  1970)  initiative  and  spclied 
out  implementation  procedures.  NEPA  requires  review  of  all 
activities  which  may  significantly  impact  the  environment. 
This  includes  threatened  or  endangered  species  or  critical 
habitats,  floodplains  and  wetlands,  and  sole  source  aquifers. 
When  a  new  consUuction  project  c.  a  modification  involves 
any  activities  with  potential  for  environmental  impact,  it 
requires  a  NEPA  review. 
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In  his  February  notice,  Watkins  reiterated  how,  in  forming 
his  initiatives,  "I  found  that  many  of  the  Department’s 
activities  under  NEPA  had  been  carrif^  out  in  a  decentralized, 
non-uniform  and  self-defeating  manner.  I  also  state  my 
intention  to  become  personally  involved  in  NEPA  decision 
making  and  to  ensure  that  NEPA  actions  are  more  closely 
coordinated  with  the  governors  of  the  states  which  host  DOE 
facilities...” 

"Indeed,"  Watkins  continued,  "mission  goals  are  best 
served  by  early  and  adequate  NEPA  planning,  which  avoids  the 
delays  that  often  follow  llth-hour  consideration  of  NEPA 
requirements,  the  resulting  failure  to  comply  fully  with  those 
requirements  and,  ultimately,  the  necessity  to  cure  NEPA- 
related  deficiencies  before  an  important  project  may  proceed.  If 
the  Department  is  to  err  in  its  judgment  as  to  the  extent  of 
NEPA  review  required  of  new  projects,  it  should  err  on  the  side 
of  full  disclosure  and  complete  assessment  of  environmental 
impact." 

III.  PERMITS 

Various  federal  environmental  statutes  impose 
environmental  protection  and  compliance  requirements  that 
have  to  be  adhered  to.  In  addition  there  are  state  and  local 
regulations  that  are  equally  important.  Many  of  these  came 
about  as  a  result  of  NEPA,  which  besides  setting  forth  a 
national  policy  for  the  environment,  established  the  Council 
on  Environmental  Quality  (CEQ).  The  CEQ  issued 
Regulations  for  Implementing  the  Procedural  Provisions  of 
NEPA.  These  rules  are  found  in  the  Code  of  Federal 
Regulations  (40  CFR  Parts  1500-1508).  This  is  where  the 
methodology  of  Environmental  Impact  Statements  (EIS)  with 
the  final  action  of  a  Record  of  Decision  (ROD)  was 
established.  Also,  the  simpler  process  of  an  Environmental 
Asseismcnt  followed  by  a  Finding  of  No  Significant  Impact 
(FONSI)  or  a  determination  that  an  EIS  is  required  was 
outlined. 

Federal  statutes  that  may  apply  to  construction  and 
operation  of  accelerator  projects  include  the  Clean  Water  Act, 
the  Clean  Air  Act,  the  Safe  Drinking  Water  Act,  the  Solid 
Waste  Disposal  Act,  the  National  Historic  Preservation  Act, 
the  Endangered  Species  Act,  and  the  Farmland  Protection 
Policy  Act. 

CLEAN  WATER  ACT  -  This  Act  makes  it  illegal  to 
discharge  any  pollutant  into  any  body  of  water,  i.e.  lakes, 
streams,  wetlands,  potholes,  mud  flats,  intermittent  streams, 
and  wet  meadows  without  a  National  Pollutant  Discharge 
Elimination  System  (NPDES)  permit.  Under  a  new  addition 
this  will  require  a  NPDES  permit  for  storm  water  discharges 
by  October  1991.  Under  Section  404  the  U.S.Corps  of 
Engineers  (COE)  issues  permits  for  the  filling  of  wetlands. 
The  COE  does  not  issue  404  permits  unless  it  has  received  a 
401  water  quality  permit  from  the  state  EPA.  Executive  orders 
11988  and  11990  concern  floodplain  management  and 
protection  of  wetlands.  DOE  will  take  action  to  avoid,  to  the 
extent  possible,  adverse  impacts  associated  with  the  destruction 
of  wetlands  and  the  occupancy  and  modification  of  floodplains 
and  wetlands.  When  this  is  not  possible  a  mitigation  plan  wdl 
be  implemented  to  compensate  for  the  action. 

CLEAN  AIR  ACT  -  This  Act  has  provisions  for  the 
Attainment  and  Maintenance  of  National  Air  Qualil>  Standards 
(NAAQS),  Prevention  of  Significant  Deterioration  (PDS),  and 


New  Source  Performance  Standards  (NSPS),  which  are  mostly 
applicable  to  such  things  as  dust  from  construction  activities, 
Perhaps  the  item  of  significant  concern  for  particle  accelerators 
is  the  provision  for  the  National  Emission  Standards  for 
Hazardous  Air  Pollutants  (NESHAPS). 

For  FMI  operations,  radiation  doses  have  been  calculated 
for  normal  operation  losses  within  the  operating  envelope. 
This  includes  accelerator  beam  intensity,  number  of  hours  of 
operation  per  year,  and  various  configurations  of  the 
experimental  program.  The  calculations  also  take  into  account 
the  use  of  the  beam  abort  dump  and  above  normal  losses. 

FMI  radionuclide  emissions  to  the  atmosphere  are 
anticipated  to  be  1,100  Curies/yr,  and  in  compliance  with  the 
U.S.  EPAs  NESHAP  (40  CFR  61  Sub-parts  A  and  H).  The 
off-site  dose  rate  from  Fermilab  after  the  FMI  becomes 
operational  is  estimated  as  0.33  mrem/yr,  well  below  the 
NESHAP  standard  of  10  mrem/yr.  With  FMI  operations 
maximized,  total  yearly  off-site  dose  from  Fermilab  is 
estimated  as  1  mremi/yr. 

NATIONAL  HISTORIC  PRESERVATION  ACT  -  This 
Act  requires  that  any  project  that  is  under  consideration  must 
take  into  account  sites,  buildings  and  structures  that  arc 
eligible  for  inclusion  in  the  National  Register.  DOE  must 
afford  the  Advisory  Council  on  Historic  Preservation  a 
reasonable  opportunity  to  comment  with  regard  to  such 
undertaking. 

ENDANGERED  SPECIES  ACT  -  This  Act  requires 
consultation  with  the  U.S.Fish  and  Wildlife  Service  l^fore 
undertaking  any  action  to  insure  that  the  action  is  not  likely  to 
jeopardize  the  continued  existence  of  any  endangered  species  or 
threatened  species,  or  result  in  the  destruction  or  adverse 
modification  of  the  critical  habitats  of  such  species. 
Accordingly,  it  was  judged  prudent  to  investigate  whether  there 
are  any  threatened  or  endangered  species  that  might  be  affected 
by  the  proposed  FMI  construction.  Fermilab;  therefore, 
contracted  with  consultants  in  birds,  plants,  insects, 
amphibians,  fish  and  mammals  to  conduct  field  surveys  in  the 
area  that  would  be  impacted  by  the  construction. 

Suitable  habitat  and  the  presence  or  absence  cl  the  listed 
species  were  recorded.  The  consultants’  reports  are  cited  in  the 

Environmental  Assessment  Report. 

IV.  CHRONOLOGY  AND  COST 

As  has  been  emphasized  in  the  above  it  is  important  to 
start  the  NEPA  process  as  early  as  possible;  however,  it  is 
obvious  that  the  design  has  to  have  progressed  sufficiently  that 
enough  information  is  available  that  environmental  studies  ar; 
feasible.  In  the  case  of  the  FMI,  this  point  was  reached  in  the 
fall  of  1989. 

The  FMI  would  be  a  150  GeV  accelerator  with  a 
circumference  of  about  one-half  that  of  the  existing  Main 
Ring.  The  FMI  would  be  situated  tangent  to  the  Tevauon  at 
the  FO  straight  section^  in  the  southwest  corner  of  the 

^The  Mam  Ring  and  Tevairon  accelerators  are  designed  with 
SIX  straight  sections,  where  the  beam  travels  a  short  distance  in 
a  suaight  line,  alternating  with  six  arc  sections  where  it 
follows  the  path  of  a  circle  with  a  radius  of  one  kilometer. 
These  150-m  long  straight  sections  are  labeled  AO,  BO,  .FO, 
and  are  spaced  equally  around  the  ring, 
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Fermilab  site.  The  FMI  would  be  constructed  using  newly 
designed  (iron  and  copper)  dipole  mapets. 

The  proposed  FMI,  whose  location  is  shown  in  Figure  1, 
must  serve  a  number  of  purposes.  It  must  function  as  a  bi¬ 
directional  injector  into  the  Tevatron.  This  means  it  must  be 
near  and  approximately  tangent  to  the  Tevatron.  Secondly,  it 
must  receive  8  GeV  protons  from  the  Booster  and  8  GeV 
antiprotons  from  the  Antiproton  Source.  It  must  also  provide 
120  GeV  protons  to  the  antiproton  target.  Finally,  the  FMI 
must  provide  a  120  GeV  bemn  to  the  present  Fermilab  fixed 
target  facility  hardware. 

The  principal  housing  of  the  FMI  would  utilize  below 
grade  enclosures.  The  FMI  ring  enclosure  would  be  an  oval¬ 
shaped,  below  grade  structure,  approximately  10,900’  long, 
with  a  10'  wide  by  8'  high  cross  section.  The  floor  of  the 
enclosure  would  be  level  and  at  an  elevation  of  713'6"  above 
sea  level,  18'  to  33'  below  existing  grade.  Earth  shielding 
berms  over  the  FMI  enclosure  would  provide  the  required  21’  of 
earth  equivalent  shielding. 

The  FMI  ring  enclosure  would  be  constructed  on  a 
reinforced  concrete  cast-in-place  (CIP)  base  slab. 
Approximately  9,900'  of  the  ring  would  be  built  with  precast 


concrete  inverted  "U"  sections  that  would  be  welded  to  the  CIP 
base  slab.  The  remaining  parts  would  be  CIP. 

Beginning  in  April  1990,  $200,000  of  Illinois  Challenge 
Grant  funds  became  available  to  conduct  environmental  studies 
and  preliminary  design.  The  first  activity  was  to  prepare  the 
application  for  the  Joint  permit  for  filling  of  the  wetlands  and 
the  modification  of  the  floodplain  of  Indian  Creek.  The 
application  was  submitted  in  September  1990. 

In  parallel,  an  Environmental  Assessment  (EA)  was 
prepared  which  required  several  drafts.  The  submission  to  the 
environmental  part  of  DOE  occurred  on  April  1991.  It  is 
anticipated  that  if  the  EA  is  acceptable  and  a  FONSI  is 
sustained,  then  the  start  of  construction  will  be  October  1991 
or  as  soon  as  construction  funds  become  available.  Illinois 
provided  an  additional  grant  of  $2,000,000  in  the  spring  of 
1991  of  which  $500,000  was  specified  for  environmental 
efforts. 

Using  the  above  plan  the  funds  expended  for  the 
environmental  effort  for  the  FMI  is  estimated  to  be 
$1,400,000,  since  Fermilab  has  matched  the  funds  of  the  State 
of  Illinois  as  required  by  the  terms  of  the  Grant. 


Figure  1.  Fermilab  M.  in  Injector  location.  Indian  Creek  crosses  the  ring  at  several  points.  Approximately  100 
acres  of  wetmd  is  adjacent  to  the  creek.  The  area  of  wetland  that  would  be  permanently  filled  hi  been  reduced  to  six 
acres  by  minimizing  the  width  of  the  construction  at  the  affected  areas. 
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Abstract 

The  arcs  of  the  proton  storage  ring  of 
HERA  are  equipped  with  superconducting 
magnets.  Installation,  manpower  involved,  and 
experience  gained  are  described. 

I.  INTRODUCTION 

The  collider  facility  HERA  in  Hamburg 
consists  of  two  storage  rings  of  6.3  km  length,  a 
30  GeV  electron  ring  and  a  820  GeV  proton  ring. 
The  assembly  of  the  rings  was  completed  in 
October  1990.  The  arcs  of  the  proton  ring  with  a 
total  length  of  5.5  km  are  equipped  with 
superconducting  magnets  [11  which  are  arranged  in 
a  regular  FODO  cell  structure  con.sisting  of  two 
quadnipoles  and  four  dipoles.  The  cryostats  of  the 
dipoles  and  the  quadnipoles  have  a  length  of  9.7  m 
and  4  m  respectively.  There  are  422  dipoles  and 
224  quadrupoles  in  the  ring  including  some  special 
magnets.  In  addition  there  are  about  1.500 
superconducting  correction  elements. 

All  magnets  were  subjected  to  an  extensive 
acceptance  test  comprising  checks  on  mechanical 
accuracy,  alignment,  and  proper  cable  connections. 
In  the  magnet  test  facility  [2]  all  magnets  were 
cooled  down  to  4.7  K  to  measure  the  magnetic 
fields  [3],  determine  the  quench  performance  and 
test  for  leaks.  The  results  from  the  mechanical  and 
magnetic  measurements  were  used  to  define  the 
position  of  the  magnets  for  an  optimal 
performance  of  the  machine  [11].  jui  the  same 
reason  the  dipoles  from  the  two  manufacturers 
were  put  into  separate  octants  of  the  machine,  as 
their  magnetic  properties  were  slightly  different.  In 
the  middle  and  at  both  ends  of  a  quadrant 
cryogenic  boxes  [9]  are  installed  supplying  the 
helium  cooling  of  the  magnet  strings. 

II.  THE  SEQUENCE  OF  INSTALLATION 

After  the  cryogenic  test  and  a  final  qualit) 
control  the  magnets  were  transported  to  HERA 
halls  West  or  East  for  storage,  which  was  made 
necessary  by  tne  selection  procedure. 

A  special  designed  installation  vehicle  |4] 
with  a  hydraulic  lift  s>stem  was  used  to  bring  the 
magnets  to  their  preselected  position  .tnd  put  them 
onto  their  support  (see  Fig.  1).  With  the  vehicle 
one  could  fit  a  magnet  between  two  alread> 
0-7803-01 35-8/91S01 .00  ©IEEE 


installed  magnets  with  an  accuracy  of  a  few  mm. 
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Fig.  1  Schematic  Cross  Section  of  the  Tunnel 

The  installation  stiu’ted  in  most  octants  at 
the  far  end  of  the  tunnel  section  with  respect  to  the 
hall,  where  the  magnets  were  stored.  Thus  the 
activities  following  the  placing  of  the  magnets 
were  not  affected  by  the  passage  of  the  vehicle. 

Once  the  magnets  rested  on  their  supports, 
the  fixtures  which  attached  the  inner  magnet  vessel 
rigidly  to  the  outer  vacuum  vessel  during  transport 
were  removed.  Later  on  the  suspension  points  were 
covered  with  superinsulation  and  the  access 
flanges  were  clo.sed. 

When  a  string  of  at  least  6  dipoles  and  4 
quadrupoles  was  mounted,  the  magnets  were 
aligned  and  fixed  in  position  [6].  Immediately  after 
the  alignment  the  beamtubes  were  flanged  together 
and  plastic,  bags  were  put  around  the  flange 
connections  and  the  neighbouring  bellows  (see 
Fig.  2)  in  preparation  of  the  helium  leak  test  [5) 
which  was  performed  once  all  the  magnets  of  an 
octant  were  installed. 

The  superconducting  cables  for  the  main 
dipoles  and  quadrupoles  as  well  as  the  20 
superconducting  wires  for  the  coirection  coils  are 
guided  within  the  single  phase  helium  tube  of  the 
nivignet  string.  First  the  main  superconductors  of 
adjacent  magnets  were  soldered  using  a  special 
soldering  tool  with  rf  heating  and  then  insulated  by 
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Kapton  foils.  The  cables  for  the  correction  coils 
are  held  in  grooves  on  an  epoxy  fibreglass  cylinder 
surrounding  the  main  conductors  (see  Fig.  2). 

Considerable  effort  was  spent  on  the 
quality  control  of  the  solder  connections.  After  a 
first  manual  check,  which  effectively  eliminated 
wiring  errors,  a  magnet  string  of  120  m  length  was 
test^  by  a  computerized  system.  A  current  was 
fed  into  each  of  the  20  bus  wires  consecutively  and 
the  voltages  at  every  interconnection  were 
compared  to  the  expected  values.  In  addition  high 
voltage  checks  were  made. 


Fig.  2  Interface  Between  Magnets 


After  the  electrical  check  welding  sleeves 
(see  Fig.  2)  were  slid  over  the  flanges  and  the 
welding  was  done  with  a  special  machine.  The 
tubes  for  the  two  phase  helium  and  the  shield  line 
were  connected  in  a  similar  way. 

The  bellows  in  the  helium  lines  were 
secured  by  support  shells  to  prevent  buckling  at 
the  maximum  pressure  of  20  bar.  After  wrapping 
superinsulation  around  the  tubes,  the  heat  shield  in 
the  interface  region  was  closed  and  insulated. 
Finally  the  sliding  joints  of  the  vacuum  vesse’s 
were  moved  over  the  interiace  and  faste*^  i 
screws  (see  Fig.  3). 

Whenever  a  section  between  two 
quadrupoles  was  finished  this  way,  the  vacuum 
vessel  was  evacuated  and  tested  for  external  leaks 
[7],  [8].  (The  quadrupoles  contain  vacuum 
barriers). 

In  parallel  to  the  work  described  so  far  the 
safety  valves  (Kautzky  valves  [9])  for  the  single 
and  two  phase  helium  lines  were  mounted  and 
connected  to  the  quench  gas  return  tube  (see 
Fig.  1). 

When  an  octant  was  installed  and  the 
insulating  vacuum  established,  the  helium  lines  of 
the  magnets  were  pressurized  one  after  the  other 


Fig.  3  Completely  Installed  String  of  Magnets 

and  an  integral  leak  test  was  performed.  For  this 
purpose  pump  stations  equipped  with  helium 
analysers  were  installed  every  50  m  [81,  [10]. 

Towards  the  end  of  the  arcs  the  magnet 
spacing  deviates  from  the  regular  structure  and 
magnets  are  spaced  at  larger  distances.  These  drift 
spaces  are  bridged  by  special  cryostats,  which 
contain  the  beam  pipe,  the  helium  lines  and  the 
superconducting  cables.  The  installation  of  these 
28  cold  straight  sections  was  similar  to  that  of  the 
magnets. 

III.  MANPOWER  AND  INSTALLATION 
SPEED 

Fig.  4  shows  the  progress  of  in.stallation  for 
a  few  key  activities.  The  low  speed  of  the 
installation  in  the  beginning  is  partly  due  to  the 
lack  of  experience  of  the  people  involved.  In 
addition,  the  delivery  of  magnets  from  the  various 
manufacturers  had  not  yet  reached  the  full  rate. 


Fig.  4  Progress  of  Installation 
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Another  restriction  was  caused  by  the 
selection  procedure  of  the  magnets. 

A  group  of  people  was  assigned  to  each 
task  of  the  installation.  The  number  of  people 
working  on  the  various  tasks  are  given  in  Table  1, 
split  into  engineers  and  craftsmen.  In  the  last  few 
months  of  installation  the  number  of  people  was 
increased  to  speed  up  the  installation  and  to  meet 
the  planned  completion  date. 
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Table  I  Manpower 


tunnel  before  they  could  be  brought  to  their  proper 
position.  This  complicated  the  logistics  but  did  not 
introduce  a  noticeable  delay  of  the  installation. 

In  addition  to  the  installation  reported  here 
there  were  people  working  for  example  on  the 
cryogenics,  on  the  various  controls  of  cryogenics, 
magnets,  monitors,  and  vacuum  systems  and  on  the 
installation  of  machine  components  in  the  straight 
sections.  The  coordination  of  all  these  activities 
without  delaying  the  time  schedule  was  only 
possible  by  shifting  some  activities  to  night  hours. 
For  instance  most  of  the  cabling  in  the  tunnel  was 
done  at  night. 

To  shorten  the  time,  which  was  lost  to 
cover  the  substantial  distances  between  the  halls 
and  the  actual  working  section  in  the  tunnel, 
bicycles  were  supplied.  Lighter  equipment  and 
tools  were  transported  in  light  trailers.  For  heavy 
equipment  the  transport  vehicle  was  used. 

Delays  caused  by  missing  equipment  or 
unforeseen  difficulties  were  compensated  by 
overtime  work,  contract  manpower,  and 
rearrangements  of  the  installation  schedule. 


IV.  EXPERIENCES 
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The  installation  and  the  following 
cryogenic  and  electrical  test  of  the  first  octant 
revealed  a  few  deficiencies  of  the  design  and  the 
fabrication,  which  could,  however,  be  fixed 
without  major  problems.  The  fact  that  the  magnet 
string  performed  essentially  as  expected,  for 
example  that  the  welding  joints  between  the 
magnets  were  leak-tight  or  that  powering  the 
magnets  caused  no  problems,  encouraged  the 
installation  crew  and  gave  confidence  in  the 
techniques,  which  were  applied  during  the 
installation. 

During  the  installation  of  the  first  octant 
there  was  some  interference  between  the  different 
task  groups,  which  reduced  the  efficiency.  Later 
on,  as  the  activities  became  more  separated  in  the 
tunnel,  the  installation  speed  increased  and 
gradully  approached  the  design  value  of  1.5  magnet 
interfaces  per  week. 

Each  task  group  noted  the  completion  of 
their  work  on  a  form  attached  to  each  magnet,  thus 
informing  the  next  group.  It  also  allowed  a  simple 
control  of  the  status  and  an  anal)  sis  of  the  progress 
of  installation. 

The  storage  of  magnets,  which  was  made 
necessary  by  the  selection  procedure  and  the 
distribution  of  dipoles  from  the  two  manufacturers 
into  separate  octants  posed  a  slight  problem  for 
some  time.  The  available  area  in  the  halls  was  not 
sufficient,  so  that  magnets  had  to  be  stored  in  the 
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Abstract 

An  automated  ptofde  measuring  system  using  single  wire  scan¬ 
ners  has  been  implemented  in  the  Fermilab  Booster  Syn¬ 
chrotron  which  allows  the  beam  profile  to  be  measured  on  a 
turn-by-turn  basis.  More  than  30  profiles  after  ii\jection  can  be 
accumulated  before  the  wire  degrades  the  beam  significantly. 
As  the  Fermilab  Booster  utilises  a  multiturn  ii\jection  scheme, 
foil  losses  can  be  studied  by  comparing  1-  and  2-turn  ii\jection 
and  varying  the  number  of  passes  a  low-intensity  beam  makes 
through  the  foil.  By  using  the  low-intensity  results,  foil  losses 
can  be  eliminated  from  high-intensity,  multiturn  it\jection  data, 
thereby  alUowing  a  quantitative  look  at  space-charge  blowup. 
The  results  obtained  for  foil  losses  and  space-charge  blow-up  in 
the  Fermilab  Booster  ate  presented  here. 

Introduction 

In  a  circular  accelerator,  a  single  wire  proves  to  be  an  effective 
diagnostic  tool  from  which  profiles  of  the  circulating  beam  can 
be  extracted  on  a  turn-by-turn  basis.  The  profde  is  obtained 
by  reading  the  current  on  the  wire  at  selected  time  intervals 
within  the  beam  cycle  and  then  advancing  the  wire  to  different 
positions  and  recording  the  same  information  on  subsequent 
beam  pulses.  For  thin  wires  the  losses  on  a  turn-by-turn  basis 
are  small  and  readily  calculable.  For  wire  thicknesses  of  a  few 
mils,  effective  beam  profiles  can  be  generated  for  up  to  60  tiuns 
before  wire  distortions  significantly  alter  the  beam  character¬ 
istics.  A  more  serious  limitation  than  wire  losses  on  the  data 
analysis  has  been  found  to  be  the  pulse-to-pulse  stability  of  the 
beam. 

A  second  application  of  these  wires  has  allowed  a  view  into 
the  internal  properties  of  a  beam  pulse.  If  the  time  interval  at 
which  the  wire  readout  occtus  is  set  to  a  fraction  of  the  total 
timespan  of  a  beam  pulse,  individual  profdes  can  be  generated 
which  represent  a  particular  time  in  the  beam  pulse.  In  this 
way  intensity  and  position  variations  within  a  beam  pulse  can 
be  studied. 

Experimental  Results 

Four  vertically  mounted  and  four  horizontally  mounted  tung¬ 
sten  wires,  all  5  mils  thick,  ace  positioned  about  the  Booster 
Synchrotron.  A  stepping  motor  capable  of  stepping  the  wire 
in  submillimeter  increments  is  used  to  control  the  wire  posi¬ 
tion.  Two  of  these  wires  were  used  to  make  extensive  horizontal 
pcofile  measurements  in  the  Booster.  One  of  them,  VVINFH, 
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is  positioned  a  centimete.  ipstream  of  the  H"  stripping  foil. 
It  intersects  both  the  injecced  H"  beam  and  the  closed  orbit 
proton  beam.  The  second  one  used  was  just  downstream  of 
the  last  ORBUMP  magnet.  Four  pulsed  magnets  called  OR- 
BUMPs  (used  to  bump  the  closed  orbit)  perform  injection  in 
the  Booster.  Because  the  ORBUMPS  move  the  beam  across  the 
injection  aperture,  the  wire  just  upstream  of  the  stripping  foil 
has  the  added  advantage  that  it  does  not  intercept  the  beam 
continuously  until  the  beam  reaches  its  closed-orbit  position 
(see  Figure  1). 


Wire  Position  (ca) 

Figure  1.  7urn-6y-fum  wire  profiles  generated  in  the  Fermilab 
Booster  Synchrotron  at  injection.  The  negative  profiles  are  the 
incoming  Il~  beam  which  eventually  strips  and  moves  off  the 
foil  into  the  closed-orbit  position. 

For  the  measurements,  the  wire  was  stepped  in  1  nun  steps 
across  121  positions  for  a  total  of  12  cm  across  the  Booster 
Synchrotron  beam  aperture.  Since  the  rotational  period  of  the 
beam  in  the  Booster  is  2.8/isec  at  the  injected  energy  of  200 
MeV,  this  is  the  frequency  at  which  the  wire  was  read  out  in 
order  to  obtain  turn-by-turn  injection  profiles.  The  raw  wire 
data  is  sent  through  a  1  MHz  filter  and  amplified  before  be¬ 
ing  input  to  a  fast  digitizing  Gould  scope.  The  Gould  scope  is 
read  out  thiough  a  GPIB  interface  and  into  Fermilab’s  main 
accelerator  controls  system  by  frontend  PDPs.  The  PDPs  then 
transfer  the  data  into  a  filesharing  utility  on  a  VAX.  Because  of 
the  limited  resources  on  the  PDP  frontends,  oni^  36  time  ticks 
of  data  can  be  conveniently  stored  at  one  wire  position,  so  oidy 
36  profiles  are  generated  per  run.  For  long  term  data  storage 
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and  ease  of  analysis  the  data  Me  compressed  into  binary  ZE¬ 
BRA.  [1]  data  structures. 

A  series  of  measurements  were  taken  for  low-intensity  op¬ 
eration  which  include  1/2-turn,  1-turn,  2-turn,  and  3-turn  in¬ 
jection,  and  high-intensity  which  included  4-turn,  5-turn,  and 
6-turn  injection  using  both  wires.  This  corresponded  to  intensi¬ 
ties  of  2.5E11  protons  for  1/2  turn  up  to  about  2E12  protons  for 
6  turns  in  the  Booster.  To  extract  foil  effects,  only  one  turn’s 
worth  of  beam  is  injected  into  the  Booster  so  that  at  this  inten¬ 
sity  space  charge  is  not  a  problem  (5E11  protons  extended  over 
the  474-meter  circumference  of  the  Booster).  In  all  cases  the 
ORBUMP  timing  was  changed  to  vary  the  number  of  passes 
the  beam  made  through  the  foil  to  isolate  foil  losses. 

In  a  second  application  of  the  wires,  internal  profJes  of  a 
beam  pulse  were  measured  in  the  bcamline  which  transfers  ex¬ 
tracted  beam  from  the  Linac  and  prepares  it  for  injection  into 
the  Booster.  The  specific  vertical  wire  used,  WS2H,  was  located 
at  the  entrance  to  the  injection  septum  where  it  intercepts  both 
the  H~  beam  in  the  transfer  line  and  the  closed-orbit  proton 
beam  circulating  in  the  Booster  (see  Figure  2).  Except  for  tim¬ 
ing,  the  other  details  of  the  readout  Me  the  same  as  detailed 
above.  Data  were  taken  on  1/2-tutn,  1-turn,  and  6-turn  injec¬ 
tion  which  correspond  to  1.4,  2.8,  and  16.8  microsecond  long 
beam  pulses,  respectively.  Data  were  read  out  every  .07  mi¬ 
croseconds  to  give  20  and  40  internal  horizontal  profiles  on  the 
1/2-turn  and  1-tuin  data,  and  every  .56  microseconds  to  give 
30  internal  horizontal  profiles  on  the  6-turn  data. 


Wire  Posmon  (cm) 

Figure  2./ntra-pu{ze  wire  profile*  generated  at  the  injectton  *ep- 
turn  for  6-turn,  16.8  peec  long  injection.  The  profile*  were 
inverted  for  purpote*  of  data  analyst*. 


Data  Analysis 

The  stored  ZEBRA  files  were  read,  analyzed,  and  his 
tugrammed  using  a  software  physles  analysis  package,  PAW  [2]. 
The  raw  profiles  were  fit  with  a  Gaussian  wliieh  proved  to  be  an 
excellent  desetiption  of  the  data  giving  a  of  less  than  1  for  the 


majority  of  the  fits.  From  each  of  the  Gaussian  fits,  a  central 
peak  position,  an  overall  normalization,  a  standard  deviation, 
and  a  constant  background  were  found.  The  average  beam  po¬ 
sition  was  found  to  be  consistent  to  1-1.5  mm  which  indicates 
both  stability  in  overall  beam  conditions  and  the  effectiveness 
of  this  method  of  measuring  beam  profiles.  Since  beam  inten¬ 
sity  is  proportional  to  the  total  area  under  a  measured  profile, 
the  overall  normalization  multiplied  by  the  standard  deviation 
was  used  to  describe  the  relative  beam  intensity  of  each  profile 
(ignoring  the  constant  factor  of  4;r  in  the  integral  of  the  area). 
The  beam  intensity  when  derived  in  this  fashion  typically  ex¬ 
hibits  fluctuations  of  around  10%  between  runs.  This  variation 
appears  to  be  due  to  both  the  accuracy  of  the  fit  and  real  fluc¬ 
tuations  in  u\jected  intensity. 


Foil  Loss  Results 

Foil  losses  were  determined  using  the  WINFII  wire  because 
the  first  profiles  captured  of  the  beam  as  it  moves  off  the  foil  do 
not  entail  losses  from  wire  scattering  (see  Figure  1).  To  mea¬ 
sure  foil  losses,  the  time  of  the  ORBUMP  cutoff  was  extended 
by  33  /zsecwhich  had  the  effect  of  causing  the  beam  to  make 
an  additional  12  passes  through  the  foil  (2.8  paec  per  turn  at 
200  MeV).  In  practice,  foil  losses  proved  difficult  to  determine 
because  they  are  about  .5%  pet  pass  through  the  Booster's  200 
Hgm/cm^  stripping  foil  for  200-MeV  II"  beam.  Foil  scattering 
was  finally  measured  using  1-turn  injection  at  a  time  when  the 
pulse-to-pulse  intensity  stability  was  3%.  Data  were  taken  with 
the  ORBUMP  timing  alternated  between  the  runs  to  compen¬ 
sate  for  any  long  term  drifts.  Foil  losses  were  found  to  account 
for  a  6%  degradation  in  beam  intensity  with  a  standard  devia¬ 
tion  of  2%  for  the  12  additional  passes  made  through  the  foil. 
This  implies  .5%  scattering  loss  per  turn  through  the  foil  with 
a  O’  of  .17%. 

Injection  Loss  Results 

A  more  interesting  result  to  come  out  of  the  foil  loss  and 
space  charge  studies  was  a  measure  of  the  losses  suffered  at 
injection  presumably  due  to  a  mismatch  between  the  transfer 
line  and  the  Booster.  These  injection  losses  were  over  by  the 
third  turn  injected  beam  took  around  the  Booster  (Figure  4). 
Unfortunately  over  ten  turn’s  worth  of  data  were  unanalyzable 
due  to  the  field  changing  in  the  ORBUMP  magnets  as  they  shut 
off.  The  wires  were  so  close  to  these  magnets  a  current  was 
induced  by  the  decaying  magnetic  field  wiping  out  an  intensity 
determination  for  this  interval.  Hence  the  blank  spot  in  the 
figure.  Future, data  will  be  taken  with  wires  well  away  from 
any  stray  fields. 

Injection  losses  measured  off  the  wires  were  around  10%  per 
turn  in  the  first  2  turns  (after  correcting  for  wire  losses).  The 
effect  of  wire  scattering  on  the  beam  was  estimated  using  an 
exponential  with  a  varying  exponent.  Well  away  from  injec¬ 
tion  the  beam  losses  are  strictly  due  to  wire  scattering,  and  the 
exponential  factor  used  to  describe  the  drop  in  intensity  as  a 
function  of  turn  number  is  readily  pulled  out  of  the  data.  The 
variation  of  the  second  term  in  the  exponent  with  respect  to 
turn  number  corresponded  to  an  ojjpioximate  linear  widening 
of  the  beam  profile  due  to  wire  scattering  (the  equation  used 
to  calculate  the  profile  width  was  extracted  from  profile  data 
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extending  over  35  turns).  Wire  losses  are  inversely  dependent 
on  profile  width  so  that  the  factor  which  describes  broadening 
appears  as  a  denominator  in  the  exponent. 


Booster  Turn  Number 

Figure  3.  Inteniity  as  a  function  of  turn  number  in  the  Booster. 
The  erponential  wire  losses  plotted  (•  -  ')  are  described  by  the 
equation  shown.  The  variable  z  in  the  equation  is  the  turn  num¬ 
ber. 


Space-Charge  Results 


A  possible  hint  of  a  space  charge  blowup  was  evidenced  in 
the  S-tuin  data  where  after  9  turns,  or  4  turns  after  injection  is 
complete,  another  dip  in  beam  intensity  is  observed  (Figure  4). 
This  dip  is  not  obaerved  in  the  l-,2-,and  3-turn  data.  A  toroid 
located  in  the  injection  region  edso  shows  a  decrease  in  beam 
intensity  about  4  turns  after  injection  for  6-turn  iiyection  How¬ 
ever,  given  the  problems  with  the  wires  neat  the  ORBUMPs, 
we  plan  on  taking  these  same  data  using  a  different  wire. 


Booster  Turn  Nuaiber-3 


Figure  4.  Beam  intensity  as  a  function  of  Booster  turn  number. 


Intra-pulse  Studies 

The  original  plan  when  intra-p\ilse  studies  were  initiated  wris 
primarily  to  study  the  effects  of  the  transfer-line  debuncher  on 
beam  pulses.  In  Figure  2,  raw  6-turn  profile  data  is  displayed 
for  the  septum  wire,  WS2H.  One  can  observe  both  the  inverted 
positive  H“  profile  to  the  right  and  the  well-separated  nega¬ 
tive  closed-orbit  profile  on  the  left  (also  inverted)  on  this  wire. 
Based  on  the  Gaussian  fits  to  these  data,  the  entire  position 
history  of  the  beam  pulse  as  a  function  of  time  can  be  dis¬ 
played  (Figure  5).  Half  of  the  central  peak  movement  of  the 
6-turn  pulse  occurs  in  the  first  2.8  fisec  or  the  first  turn  around 
the  Booster  with  a  slower  drift  following.  More  dramatic  posi¬ 
tion  changes  can  be  accomplished  by  changing  the  debimcher 
settings  as  also  shown  in  Figure  5,  yet  the  internal  position 
structure  remains  the  seune.  Presumably  the  jiunps  in  overall 
peak  position  are  due  to  energy  changes  in  the  beam  as  a  result 
of  the  debuncher.  One-  and  also  hedf-turn  data  also  show  2  mm 
internal  position  changes  from  beginning  to  end. 

From  the  position  movements,  an  approximate  spread  in  en¬ 
ergy  can  be  calculated  if  the  entire  shift  is  attributed  to  changes 
in  the  beam  energy.  Using  TRANSPORT,  a  300-keV  difference 
in  energy  produced  a  .2  mm  spread  at  the  injection  septum  for 
this  line.  This  is  in  good  agreement  with  a  BPM  measurement 
(3)  which  gives  a  Sp/p  of  250  keV. 


Figure  5.  Central  peak  postion  plotted  versus  time  within  a  16.8 
psec  or  6-tum  injected  l{~  beam  pulse  for  different  debuncher 
settings. 
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Abstract  four  bunches  are  lost  at  the  LEB  ejection  point  and  the  fifth  is 

lost  at  the  MEB  injet  )n  point.  This  allows  the  risetime  of 
Requirements  for  the  Uxjisfer  kickers  that  move  beam  from  the  LEB  ejection  kicker  magnet  to  be  ‘ip  to  80  ns  (five  16.7  ns 
the  Low-Energy  Booster  (LEB)  to  the  Medium-Energy  Booster  bunch  spacings,  minus  one  bunch  width  of  3.3  ns).  Packing 
(MEB)  arc  being  established.  Magnetic  field  intensity,  pulse  the  LEB  batches  in  the  MEB  requires  the  risetime  of  the  MEB 
shapes,  and  available  space  for  the  kicker  magnets  within  the  injection  kicker  to  be  less  than  63  ns  (four  bunch  spacings 
ring  bylines  are  known  to  a  level  that  allows  preliminary  minus  one  bunch  width).  The  pulsewidth  of  both  the  LEB 
design  to  begin  on  these  systems.  This  fast  kicker  system,  ejection  and  the  MEB  injection  kickers  must  be  at  least  the 
which  must  transfer  the  entire  12  GcV/c  LEB  batch  to  the  full  LEB  revolution  time  of  1.9  ps.  To  control  overall  beam 
MEB,  is  required  to  produce  1S0-2(X)  G  fields  that  rise  in  60-  emittance  growth,  the  magnetic  field  amplitude  must  vary  over 
80  ns,  with  a  pulsewidth  of  1.9  ps.  The  present  MEB  filling  the  entire  pulsewidth  by  less  than  ±1.0  percent,  and  shot-to- 
scenario  requires  this  kicker  system  to  operate  in  a  6-7  shot  shot  variations  must  also  be  kept  to  this  level, 
burs;  mode  at  repetition  rates  as  fast  as  10  Hz.  The  vertical  ejection  scheme  for  the  LEB  includes  a  four- 

magnet  local  orbit  bump,  a  kicker  magnet  system,  and  two 
I.  REQUIREMENTS  ejection  septum  magnets.  In  order  to  produce  the  required 

downstream  deflection,  the  ejection  kicker  magnet  must 
The  570  m  LEB.  when  completely  filled,  holds  1 14  proton  produce  an  integrated  field  of  6(W-750  G-m.  Approximately 
bunches  spaced  S.O  m  apart  (21  ns  at  the  injection  energy  of  6.Sm  of  space  has  been  allocated  in  the  LEB  ring  for  the  kicker 
600  MeV/c),  After  acceleration  to  the  top-end  energy  of  12  magnets.  The  internal  dimensions  of  the  vacuum  chamber  at 
GeV/c ,  the  revolution  period  is  reduced  to  approximately  1.9  the  kicker  magnet  location  arc  dictated  by  the  size  of  the  600 
ps  (16.7  ns/bunch  spacing).  One  filling  scenario  for  the  MeV/c  injected  beam,  and  has  been  set  at  6.5  cm  wide  by  8.0 
collider,  shown  in  Figure  1,  requires  that  the  MEB  be  filled  cm  high.  The  ’good-field’  region,  defined  as  the  area  in  which 
with  six  LEB  batches,  each  containing  109  proton  bunches,  the  magnede  field  vanes  by  less  than  0.5  percent,  must  be  2.0 
with  a  three-bunch  gap  between  LEB  batches.  Three  such  cm  wide  by  5.0  cm  high. 

MEB  fills,  with  25-bunch  (400ns)  gaps  between,  completely  For  MEB  injection,  the  required  total  magnetic  field  is 
fill  the  High  Energy  Booster  (HEB)  while  leaving  an  approximately  480  G-m,  with  at  least  6.0  m  available  for 
appropriate  abort  gap  of  1.7  ps  (103  bunches).  Eight  full  kicker  magnet  hardware  in  the  beamlinc.  The  magnet  apenure 
HEB  cycles  would  then  fill  each  collider  ring.  is  presently  set  at  10.0  cm  wide  by  5.0  cm  high,  witlt  the 

FUling  the  MEB  with  109-bunch  trains  implies  that  five  of  ’good-field’  region  ^proximatcly  the  same  as  that  in  the  LEB 
the  origir^  bunches  must  be  removed  during  the  transfer.  In  ejection  kicker.  Injection  into  the  MEB  is  in  the  horizontal 
order  to  reduce  the  radiation  levels  at  the  MEB  injection  point  direction, 
artd  not  overly  constrain  the  MEB  injection  kicker  risetime. 


LEB 

MEB 

HEB 


Extraction, 
Abort  Gap 


COLLIDER  I2057,j^3i20£,j^3l20^j^3l20^j^3l20^  : 


15696^' 


Figure  1.  Collider  Ring  Filling  Scenario.  Batch  Lengths  and  Gaps  are  Represented  in  Number  of  Beam  Buckets,  witli 
Each  Bucket  Equal  to  5.0  m  of  Ring  Circumference,  or  16.68  ns  in  Time  at  Relativistic  Energies. 

^Operated  by  the  Universities  Research  Association,  Inc.,  for 
the  U.  S.  Department  of  Energy  under  Contact  No.  DE- 
AC02-89ER40486. 

U.S.  Govcmmeni  work  not  protected  by  U.S.  Copyright 
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II.  LEB  Ejection  kicker  System  design 

All  of  the  SSC  ejection  and  injection  kicker  systems 
consist  of,  as  a  minimum,  (a)  a  charging  system,  (b)  a 
triggering  system,  (c)  a  pulse-forming  network  (PEN),  (d)  a 
triggered  switch,  (e)  a  pulsed  magnet,  and  (0  a  terminating 
load.  Such  a  system  is  shown  in  Figure  2.  The  short 
pulsewidth  of  the  LEB  ejection  kicker  allows  the  use  of 
charged  cable  as  the  pulseforming  network.  Standard  RO-220 
50  Cl  cable  is  the  preliminary  choice,  as  it  has  proven 
reliability  in  kickers  and  other  high-voltage  pulsed  and  £>C 
systems!  1].  The  output  voltage  pulse  from  the  charged  cable 
is  half  the  charge  voltage  and  twice  the  electrical  length  of  the 
cable.  For  the  LEB  ejection  and  MEB  injection  kickers,  190 
m  cables  will  be  required.  Other  system  parameters  are  driven 
by  the  magnet  requirements  presented  above. 

The  available  length  for  the  LEB  ejection  kickers  cannot  be 
filled  entirely  with  magnets.  Terminations,  flanges,  bellows, 
and  vacuum  hardware  combine  to  limit  the  total  space  for 
actual  magnetic  material  to  4.8  m.  This  implies  a  maximum 
field  magnitude  over  the  length  of  the  magnet  of  156  G. 

Figure  3  is  a  cross-sectional  view  of  a  possible  LEB 
ejection  kicker  magnet.  The  magnet  aperture  (gap  x  pole 
width)  is  7.5  by  9.0  cm,  which  includes  a  one  centimeter 
allowance  in  each  dimension  for  the  beampipe  wall  and 
tolerance  build-up.  For  a  C-magnet,  with  Pt^O,  w=9  cm, 
g=7.5  cm,  c  (the  ferrite  pathlength)=30  cm,  and  t  (ferrite 
thickness)=4  cm,  the  inductance  is 

L  =  Pow/(g+wc/tpr)  =  1.23  ph/m,  (1) 

and  the  current  necessary  to  deliver  the  tequiicd  B  is 

I  =  B  tg+wc/tpr)/po  =  1 140  A.  (2) 

Assuming  the  maximum  voltage  that  can  be  delivered  is  30 
kV  (implying  maximum  charge  and  switch  voltages  of  60 
kV),  the  maximum  modulator  source  impedance  is  26  £2. 
Two  parallel  RG-220  cables,  with  an  equivalent  impedance  of 
25  £2,  results  in  the  electrical  length  of  the  magnet  equaling 

v-1=VlC  =  L/Zo  =  1.23  ph/25£2  =  50  ns/m.  (3) 


To  meet  the  risetime  requirements,  it  is  expected  that  the 
magnet  lengths  will  be  less  than  0.5  m,  so  that  no  more  than 
25  ns  of  the  equivalent  magnetic  field  risetime  is  due  to  the 
transit  time  of  the  magnet. 

In  order  to  match  the  magnet  to  the  input  cable  impedance, 
the  capacitance  of  the  busbar  to  ground  must  be 

C  =  ITZo^  =  2.0  nF/m  (4) 

The  capacitance  of  the  busbar  to  the  outer  case  is 
approximately  0.2  nF/m,  so  additional  capacitance  must  be 
added.  As  is  shown  in  Figure  3,  this  might  be  accomplished 
by  using  the  ceramic  beampipe  as  a  siripline  capacitor,  with 
the  inside  of  the  pipe  nearest  the  busbar  coated  with  conductor 
and  grounded  at  one  end.  If  3  mm  thick  busbars  are  used,  this 
conducting  strip  must  be  approximately  6  cm  wide,  which 
fits  well  within  the  6.5  cm  inner  dimension  of  the  beampipe. 
The  remaining  inside  walls  of  the  beampipe  will  be  coated 
with  high-resistivity  material  to  provide  a  path  for  static 
charge  bleed-off,  while  allowing  fast  magnetic  field 
penetration. 


Figure  3.  Cross-Section  of  Possible  LEB  Injection  Kicker 
Magnet. 

Thyratrons  are  expected  to  be  the  switch  choice  for  the  fast 
kicker  systems.  Assuming  four  cables  are  switched  by  each 
thyratron  (at  a  voltage  of  60  kV)  and  the  current  risetime  is 
approximately  30  ns,  the  switch  dl/dt  is  4.6  kA/30  ns  =  1.5  x 
10*1  A/s.  This  value  is  within  die  range  of  existing 
thyratrons  such  as  the  EEV  CX  1725.12] 
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III.  MEB  INJECTION  KICKER  SYSTEM  DESIGN 


Figure  4  depicts  a  possible  cross-section  for  the  MEB  injection 
kicker  magnets.  Using  the  above  formulas,  with  a  polewidth 
of  11  cm  and  a  gap  of  6  cm,  the  inductance  of  the  busbar  will 
be  1.72  ph/m.  Awuming  that  4.8  of  the  available  6.0  m  will 
be  magnetic  material  implies  a  magnetic  field  within  the 
magnet  of  100  G.  The  cunent  required  to  generate  this 
magnetic  field  is  approximately  640  A.  Selecting  50  Q  as  the 
impedance  for  the  busbar  results  in  cable  and  switch  voltage  of 
64  kV  and  busbar  voltage  of  32  kV.  The  capacitance  of  the 
busbar  to  ground  must  be  690  pF/m  to  match  the  50  Q  input 
impedance.  Approximately  one-quarter  of  this  capacitance 
exists  between  the  busbar  and  the  grounded  magnet  case;  the 
remainder  can  be  easily  obtained  using  the  conductive  coating 
design  described  above. 

The  inverse  velocity  of  the  magnet  will  be  1720  nh/50Q  = 
34  ns/m.  By  splitting  the  4.8  m  magnet  length  into  eight  0.6 
m  magnets,  20  ns  transit  times  are  obtained.  Two  modulators, 
each  consisting  of  a  single  thyratron  and  lour  RG-220  cables, 
are  required  to  drive  the  entire  system  of  eight  magnets.  The 
total  current  of  2.6  kA  is  required  to  rise  in  tqiproximately  20 
ns,  for  an  average  dl/dt  of  1.3  x  lO'  ^  A/s.  This  current  rate  of 
rise  is  also  within  the  range  of  existing  thyratrons. 


Figure  4.  Cross-Section  of  Possible  MEB  Injection  Kicker 
Magnet 

fields  is  envisioned  as  a  set  of  eight  or  more  ferrite  magnets, 
each  less  than  0.5  m  in  length,  driven  by  at  least  four 
thyratron-switched  charged  cable  modulators.  The  MEB 
injection  kickers  must  generate  approximately  100  G  fields  in 
less  than  65  ns  with  similar  pulse  flatness  and  shol-to-shot 
repeatibility.  This  system  has  been  scoped  as  a  set  of  eight 
0.6  m  magnets  driven  by  two  modulators  that  are  identical  to 
those  used  to  drive  the  LEB  ejection  system. 


IY..SUMMARr 


V.  References 


Requirements  for  the  LEB-to-MEB  transfer  kicker  systems  arc 
determined,  in  large  part,  by  the  chosen  collider  filling 
scenario.  For  the  presented  filling  scheme,  the  LEB  ejection 
kickers  must  generate  100-150  G  magnetic  fields  in  less  than 
80  ns  with  pulse  flatness  of  better  than  1.0  percent  over  the 
pulsewidth  of  1.9  ps.  The  system  to  generate  the  required 
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A  FINGER  SYSTEM  FOR  THE  LOS  ALAMOS  PROTON 

STORAGE  RING 


T.  W.  Hardek  and  H.  A.  Thiessen 
Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545 


Abstract 


Developers  at  the  Proton  Storage  Ring  have  long  desired 
a  modulator  and  electrode  combination  capable  of  kicking 
the  800-MeV  proton  beam  enough  to  conduct  tune  mea¬ 
surements  with  full  intensity  beams.  At  present  this  has 
been  accomplished  by  reducing  the  voltage  on  one  extrac¬ 
tion  kicker  modulator  and  turning  the  other  off.  This 
method  requires  that  all  of  the  accumulated  beam  be  lost 
on  the  walls  of  the  vacuum  chamber.  In  addition  to  tune 
measurements  a  more  recent  desire  is  to  sweep  out  beam 
that  may  have  leaked  into  the  area  between  bunches.  A 
four-meter  electrode  has  been  designed  and  constructed  for 
this  purpose.  The  design  is  flexible  in  that  the  electrode 
may  be  split  in  the  center  and  rotated  in  order  to  provide 
vertical  and  horisontal  electrodes  each  2  meters  long.  In 
addition  two  solid-state  pulse  modulators  that  can  provide 
lOkV  in  burst  mode  at  up  to  700  KHi  have  been  purchased. 
This  hardware  and  its  intended  use  are  described. 


1  Introduction 


The  Los  Alamos  Proton  Storage  Ring  (PSR)  accumulates 
800-MeV  beam  from  the  LAMPF  linear  accelerator  and 
compresses  macropulses  up  to  1  msec  in  length  into  intense 
250  nsec  pulses  which  drive  a  spallation  neutron  source.  In 
the  past  only  low-intensity  tune  measurements  were  rou¬ 
tinely  made.  To  provide  tune  data  at  any  time  throughout 
the  accumulation  cycle  a  pinger  system  has  been  devel¬ 
oped.  In  addition  to  tune  data  the  system  described  here 
can  provide  a  series  of  kicks  synchronized  with  the  revo¬ 
lution  frequency  and  timed  to  sweep  beam  from  the  area 
between  bunches.  It  is  believed  that  electrons  trapped  by 
the  proton  beam  ate  causing  an  instability  [l].  By  sweep¬ 
ing  beam  out  from  the  region  between  bunches  we  should 
be  able  to  verify  this  theory. 

0-7803-0135-8/91S01 .00  ©IEEE 


2  Pinger  Uses 
Tune  Measurements 

The  most  obvious  use  for  out  pinger  is  to  kick  the  beam 
and  observe  the  resulting  betatron  motion.  From  this 
oscillation  one  calculates  the  tune  and  can  measure  time 
as  a  function  of  time  into  cycle  or  as  a  function  of 
beam  intensity.  We  plan  to  use  the  pinger  in  con¬ 
junction  with  wide-bandwidth  beam-position-sensing  elec¬ 
trodes  and  very  high-speed  digitizers  to  provide  a  spectral 
display  of  beam  motion.  With  a  total  applied  voltage  of 
20  kV  we  can  provide  a  1.1  mrad  kick.  Folded  into  the 
PSR  lattice  this  would  provide  a  maximum  deflection  of 
about  11  mm. 


Beam  Sweeping 

A  not  so  obvious  use  for  the  pinger  is  Beam  Sweeping. 
The  design  of  our  storage  ring  allows  some  beam  to  leak 
out  of  the  bunches.  This  leaves  small  amounts  of  beam 
Ailing  the  space  between  bunches  and  allows  electrons  to 
be  trapped.  As  long  as  the  space  between  bunches  is 
clean  the  electrons  will  hit  the  beam  pipe  walls  and  not 
be  trapped.  A  small  amount  of  beam  leaked  into  the 
space  between  bunches  traps  the  electrons  and  may  cause 
an  instability.  We  plan  to  sweep  any  beam  that  leaks 
into  the  space  between  bunches  out  of  the  ting  with  the 
pinger  system.  We  will  produce  a  string  of  deflecting 
pulses  synchronized  to  the  revolution  frequency  and  kick 
the  beam  on  every  4th  turn.  One  would  prefer  every  tutu 
but  the  revolution  frequency  is  2.8  MHz  and  the  pulsets 
can  only  tun  at  700  KHz. 

A  preliminary  test  of  beam  sweeping  was  performed  dur¬ 
ing  the  later  part  of  our  1990  tun  cycle.  Fig.  1  is  a  com¬ 
parison  of  longitudinal  beam  distribution  in  the  PSR  with 
the  sweeping  pulse  chain  on  (A)  and  off  (B).  During  this 
experiment  the  minimum  available  sweeping  pulse  was  1 50 
nsec  while  the  space  between  bunches  was  only  100  nsec. 
We  actually  kicked  some  of  the  bunch;  thus  we  had  mote 
beam  loss  than  anticipated.  We  did  make  the  beam  stable 
by  sweeping  beam  from  between  the  bunches  but  we  were 
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not  able  to  discern  whether  this  was  due  to  an  intensity 
decreeise  or  from  cleaning  out  the  area  between  bunches. 

A.  SwMpirio  Pu($«  Ch*ri  On 


A  A  A  A 

«  \  I  I  '  •  ' 


Figure  1:  Comparison  of  longitudinal  beam  distribution 
in  PSR  with  the  sweeping  pulse  chain  on  (A)  and  off  (B). 


Beam  Shaking 


Clearing  Fields 

Another  way  to  remove  unwanted  electrons  is  to  install 
clearing  electrodes.  We  have  already  completed  experi¬ 
ments  operating  our  extraction  kicker  electrodes  at  several 
kV  with  little  or  no  effect.  The  kicker  electrodes  ate  4  me¬ 
ters  in  length  and  there  are  two  sets.  The  pinger  electrode 
will  give  us  another  4-meter  electrode  to  energise  and  it  is 
located  in  a  different  part  of  the  ring. 

3  Electrodes 

Out  pinger  electrodes  are  configured  as  a  balanced  100- 
ohm  transmission  line.  We  drive  the  electrodes  from  two 
separate  sources  of  opposing  polarity  such  that  each  pnlser 
looks  into  a  50-ohm  terminated  line.  Each  electrode  is 
back-terminated  in  50  ohms  through  cables  long  enough 
to  prevent  any  reflections  from  arriving  back  at  the  elec¬ 
trodes  during  the  flat  top  portion  of  the  pulse.  Terniitial- 
ing  resistors  are  simple  carborundum  resistors  2  inches  in 
diameter,  12  inches  long  supplied  with  integral  corona  ring 
end  caps.  The  resistors  are  immersed  in  oil  and  cooled  by 
immersing  a  water-cooled  coil  of  copper  tubing  into  the  oil. 

Fig.  2  gives  the  end  view  of  our  pinger  electrode  showing 
the  Macor  support  insulators,  corona  rings  that  shield  the 
triple  junction  where  the  stainless  steel  end  piece  contacts 
the  Macor  insulator,  and  the  adjusting  hardware  at  the 
tear  of  the  insulator.  The  drawing  shows  the  electrodes  in 
their  horizontal  deflecting  orientation,  but  we  will  actually 
install  the  electrodes  in  their  vertical  deflection  orientation 
with  the  electrodes  at  the  top  and  bottom.  The  ears  at  the 


It  is  also  possible  to  shake  electrons  out  of  the  proton  beam. 
The  technique  is  utilized  to  remove  trapped  ions  at  Cornell, 
CERN,  and  FNAL  [2].  We  would  use  the  pitiger  electrode 
for  this  purpose  by  powering  it  from  a  broadband  RF  am¬ 
plifier.  In  out  case  we  would  drive  the  electrode  in  the  50 
to  100  MHz  range. 
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edges  of  the  plates  were  adjusted  for  best  field  uniformity 
[3].  In  this  design  the  held  is  uniform  to  one  percent  over 
an  area  of  9  cm  horizontally  (±  4.5  cm)  4  cm  vertically 
(±  2.0  cm)  and  uniform  to  6  percent  out  to  d:  3  cm  verti- 
ceilly.  We  have  split  the  housing  and  the  electrodes  at  the 
center  to  allow  for  their  use  as  independent  vertical  and 
horizontal  electrodes  of  half  their  present  4-meter  length. 
The  support  insulator  design  was  borrowed  from  the  PSR 
Extraction  Kicker  electrodes  to  save  design  time  and  min¬ 
imize  the  number  of  spare  parts  required. 

We  have  set  4  inches  as  the  minimum  allowable  aper¬ 
ture  anywhere  within  the  PSR  beam  pipe.  The  pinger 
electrodes  are  set  to  this  4-inch  spacing  to  maximize  the 
available  kick. 

Power  is  supplied  to  the  electrodes  through-off-the-shelf 
vacuum  feedthroughs  that  present  a  fairly  uniform  50-ohm 
impedance.  The  long  ports  on  the  housings  were  included 
to  allow  the  eventual  replacement  of  the  lower-voltage 
stock  feedthroughs  with  the  higher-voltage  feedthroughs 
used  in  our  extraction  kickers. 

4  Pulse  Modulators 

We  supply  pulses  at  the  downstream  end  of  each  electrode 
thus  taking  advantage  of  both  the  magnetic  and  the  electric 
fields.  We  pulse  one  electrode  with  a  positive  10-kV  pulse 
and  the  other  electrode  with  a  negative  pulse.  Since  they 
ate  produced  by  separate  units  that  drive  a  balanced  line 
it  is  desirable  to  have  the  pulses  well  matched  and  to  have 
them  arrive  at  the  electrode  at  the  same  time.  In  our 
application  we  ate  not  very  sensitive  to  pertubations  on 
the  top  of  the  pulse  that  mismatches  would  cause,  but 
still  wish  to  minimize  these  pertubations.  We  do  not  yet 
have  enough  experience  with  these  units  to  know  how  well 
matched  the  pulsers  will  remain  over  time. 

Table  I  gives  the  specifications  for  the  pulse  modulators 
we  are  using.  The  modulators  are  commercial  products 
and  are  all  solid-state.  The  unique  feature  of  these  units  is 
that  they  can  produce  a  string  of  pulses  at  up  to  700-kHz 
repetition  rate.  Our  units  have  been  modified  to  allow  up 
to  a  millisecond  long  burst  of  700-kHz  90-nsec-long  pulses. 


Table  I:  Pulse  Modulator  Electrical  Specifications 


Minimum  Output  Voltage 

IkV 

Maximum  Output  Voltage 

lOkV 

Maximum  Output  Current 

200  Amperes 

Minimum  Pulse  Width 

90  nsec 

Maximum  Pulse  Width 

270  nsec 

Rise  Time 

40  nsec 

Fall  Time 

40  nsec 

Pulse  Recurrence  Frequency 

50  Hz 

700  KHz  Burst 
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Abstract 

This  paper  describes  the  results  of  upgrading  the  electro¬ 
static  kicker  system  at  the  Saskatchewan  Accelerator  Labora- 
tOTy  (SAL).  The  second  of  two  kickers  required  for  multi-turn 
injection  into  the  Pulse  Stretcher  Ring  (PSR)  has  been  commis¬ 
sioned.  Previously,  with  only  one  kicker,  the  injected  beam 
duration  was  limited  to  slightly  less  than  one  pass  around  the 
circumference  of  the  PSR.  Multi-turn  operation  (up  to  three 
turns)  enforced  stringent  field  quality  constraints  and  required  a 
significant  improvement  in  the  electrical  performance  of  the 
original  kicker.  After  long-term  operational  experience  the  orig¬ 
inal  modulator  was  upgraded  and  used  as  a  model  for  the  new 
assembly.  The  tandem  kickers  have  successfully  demonstrated 
multi-turn  injection.  Salient  results  of  these  investigations  are 
presented. 


I.  INTRODUCTION 

The  Saskatchewan  Accelerator  Laboratory  has  recently 
commissioned  the  second  of  two  kickers  required  for  multi-turn 
injection  into  tl.?.  Pulse  Stretcher  Ring  (PSR).  This  injection 
process  allowed  the  insertion  of  a  one  microsecond  beam  pulse 
into  a  360  nanosecond  long  ring.  In  a  previous  paper,  [1]  the 
basic  modulator  design  was  discussed  along  with  a  brief  sum¬ 
mary  of  the  early  experience  with  the  unit  l^ly  investigations 
of  factors  such  as  average  power,  peak  current,  component 
sfiess,  field  quality,  etc.,  and  the  engineering  concerns  of  main¬ 
tenance,  reliability  and  lifetime  led  to  the  design  of  the  original 
electrostatic  deflector  and  compatible  modulator. 

The  deflector  plates  shown  in  Figure  1  are  12  cm  x  40  cm 
each  and  are  separated  by  3  cm  within  the  vacuum  tank.  The 
kicker  modulator  is  capable  of  producing  field  strengths  of  up 
to  26  kV/cm  on  the  deflector  assembly.  This  is  accomplished  by 
driving  one  plate  positive  and  the  other  negative  for  a  maximum 
differential  of  80  kV.  Normal  operating  repetition  rates  are  up  to 
360  Hz.  Pulses  are  generated  by  a  slow  charging  circuit  and  a 
fast,  high  current  shunt  circuit  This  modulator  is  characterized 
by  its  small  size,  low  power  (the  main  high  voltage  power  sup¬ 
plies  deliver  only  a  few  hundred  watts)  and  simple  layout 
These  features  translate  iruo  an  inexpensive  and  reliable  sys¬ 
tem.  A  simplified  schematic  of  the  ^tewest  version  of  the  modu¬ 
lator  is  shown  in  Figure  2. 

The  kicker  operates  by  first  charging  the  deflector  plates 
using  two  identical  triode  circuits.  These  triodes  are  uiggered 
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Figure  1.  Deflector  plate  mechanical  assembly. 


Figure  2.  Simplified  schematic  of  the  kicker  modula¬ 
tor.  Filament  and  support  circuits  are  deleted  for  clar¬ 
ity.  Recent  modifications  are  indicated  by  a  *. 

pnor  to  the  beam  arrival.  The  pulse  voltage  is  allowed  to  settle 
for  approximately  100  ps  to  stabilize  the  “flat  top”  poruon  of 
the  field  pulse.  The  long  charge  Ume  is  not  critical  since  there  is 
no  beam  in  the  ring  just  prior  to  injection.  After  the  deflector  is 
fully  charged,  the  triodes  are  disabled,  fixing  the  plate  voltages. 
The  beam  is  then  injected  into  the  PSR  and  the  thyratrons  trig- 
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gered  so  that  as  the  tail  end  of  the  beam  pulse  passes  into  the 
kicker,  the  field  begins  to  collapse.  Ideally,  the  pulse  should  fall 
instantaneously  to  zero  and  remain  there  for  the  entire  inter¬ 
pulse  period.  A  typical  field  waveform  produced  by  the  kicker 
is  shown  in  Figure  3.  The  field  falltime  is  typically  20  ns. 


Figure  3.  Typical  field  pulse  showing  charge  period. 
Horizontal  scale  20  ps/div,  vertical  amplitude  of  peak 
is  50  kV  corresponding  to  16.7  kV/cm  deflector  field. 


After  18,000  hours  of  operation  and  occasional  mainte¬ 
nance,  several  problem  areas  were  identified.  Before  assem¬ 
bling  the  second  kicker,  the  first  modulator  was  modified  to 
improve  the  performance,  reliability,  and  remote  adjusunent 
features.  These  changes  were  as  follows: 

•  Inexpensive  high  voltage  pulse  monitors  with  fast  risetimes 
to  aid  diagnostics  and  tuning  were  developed. 

•  Improved  the  thyrafion  driver  unit  to  provide  matched  trig¬ 
gers  to  each  thyratron. 

•  Added  saturable  ferrite  cores  in  strategic  locations  to  limit 
trigger  pulse  coupling  into  the  main  deflectors  and  to 
sharpen  the  falltime  of  the  pulse. 

•  Added  clipper  diodes  to  the  thyratrons  and  to  the  extreme 
ends  of  the  power  supply  circuits  to  limit  reflection  and 
undershoot  of  the  pulses. 

•  Added  grounding  harnesses  to  “noisy”  portions  of  the  cir¬ 
cuit  and  improved  the  enclosure  to  limit  radiated  interfer¬ 
ence. 

•  Converted  the  triode  filament  supplies  to  DC  operation  to 
stabilize  tube  gains. 

•  Improved  triode  and  thyratron  air  cooling  for  better  drift  and 
jitter  performance. 

While  using  a  single  kicker,  the  injected  beam  was  lim¬ 
ited  to  slightly  less  tlian  one  turn  around  the  PSR  to  allow  for 
the  finite  falltime  of  the  field.  The  second  kicker  allowed  multi- 
turn  injection  by  pioviding  a  kick  to  the  head  end  of  the  beam 
pulse  already  circulating  inside  the  PSR  before  it  passed 
through  the  first  kicker  field  on  its  second  and  third  orbits.  The 
result  of  this  compensatory  kick  was  to  overlap  the  beam  circu¬ 
lating  in  the  PSR. 


When  using  two  kickers,  the  match  between  the  two 
deflecting  wave  forms  is  critical.  The  technique  depends  on 
“exactly”  correcting  the  kick  of  the  first  deflector  with  the  sec¬ 
ond.  The  quality  of  the  “exact”  match  determines  the  quality  of 
the  resultant  stored  beam. 

II.  UPGRADE  RESULTS 

The  second  kicker,  which  is  an  electrical  twin  of  the 
upgraded  original,  was  mounted  downstream  of  the  previous 
unit  (with  respect  to  the  injected  beam  trajectory).  The  second 
modulator  and  its  connections  to  the  deflector  assembly  were 
mechanically  copied  as  far  as  possible  to  provide  the  best  match 
of  stray  circuit  elements  and  in  turn  match  the  resulting  pulses 
in  time,  amplitude  and  contour.  The  undershoot  portion  of  the 
field  was  reduced  as  much  as  possible  to  achieve  the  best  overall 
performance  for  both  single  and  multi-turn  injection.  This 
allowed  cleaner  single  kicker  operation  and,  with  a  smaller 
error  kick  to  contend  with,  simplified  matching  ihc  two  kicker 
response. 

A  pre-  and  post-fine  tuning  comparison  of  the  original 
kicker  pulse  edge  is  shown  in  Figure  4.  In  Figure  5  the  trailing 
edge  of  the  improved  pulse  is  expanded  to  show  more  detail. 
The  dramatic  effects  appear  in  the  collapsing  portion  of  the 
pul.se.  As  can  be  seen  from  the  undershoot  of  the  waveform  in 


Figure  4.  Typical  field  pulse  before  and  after  the  upgrade. 
Peak  amplitude  is  16.7  kV/cm,  horizontal  scale  0.5  ps/div. 


the  earlier  version,  an  undesirable  kick  was  applied  to  the  beam. 
Several  sets  of  saturable  ferrite  inductors  and  clipper  diodes 
were  connected  in  various  configurations  in  an  attempt  to 
“clean  up"  the  basic  waveform.  The  result  was  a  significantly 
improved  pulse,  with  the  tail  and  undershoot  portion  of  the  field 
waveform  reduced  in  amplitude  and  in  time.  This  equated  to  a 
reduction  of  the  erroneous  beam  deflection  to  about  two  percent 
of  the  previous  value  with  r  orious  degradation  of  the  20  ns 
falltime.  The  ferrites  also  el  ninalcd  a  small  amount  of  trigger 
pulse  coupling  through  the  tliyratron  grids  to  the  deflector 
plates.  Previously,  mis  caused  a  minor  disturbance  of  the  flat  top 
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Figure  S.  IVpical  field  pulse  after  the  upgrade.  Trailing 
edge  expanded  to  show  region  of  scale  SO  ns/div. 

of  the  main  deflector  pulse  for  several  hundred  nanoseconds 
just  before  the  field  colltq)sed. 

An  unproved  driver  system  was  incorporated  to  allow 
precision  trimming  of  the  firing  times  of  the  two  thyratrons.  A 
special  high  voltage  isolating  pulse  transformer  was  developed. 
This  transformer  had  a  loosely  coupled  primary  and  a  dual  core, 
one  for  each  secondary  winding.  While  essentially  two  trans¬ 
formers  in  series,  this  design  was  adopted  since  the  primary  cur¬ 
rent  was  inherently  the  same  around  both  cores.  This  geometry 
helped  compensate  for  the  differences  caused  by  stray  capaci¬ 
tance  and  leakage  in  a  two  transformer  series  layout  which  nor¬ 
mally  shunt  away  some  of  the  current.  The  separated  core 
suucture  had  the  best  success  ensuring  that  the  trigger  driven 
into  each  thyratron  grid  were  closely  matched  in  time  and 
amplitude.  This  timing  must  be  tightly  controlled  to  achieve  the 
highest  possible  collapse  rates  and  r^uce  the  ripple  and  over¬ 
shoot  on  the  electric  field  pulse.  The  driver  allowed  a  single  pri¬ 
mary  trigger  pulse  to  drive  both  thyrauons  while  maintaining  a 
relative  timing  adjustment  range  of  approximately  50  ns.  This 
was  sufficient  to  compensate  for  short-term  thyratron  drift. 

As  a  demonstration  of  the  ability  of  this  new  layout  to 
meet  the  matching  requirements,  a  measurement  was  made  of 
each  kicker  field  and  then  the  resultant  waveforms  were  sub¬ 
tracted  to  yield  the  mismatch  (or  erroneous)  field  seen  by  the 
circulating  beam  (see  Figure  6).  This  differential  field  translates 
into  undesirable  beam  deflections.  The  four  high  voltage  probes 
used  to  measure  the  relative  voltages  on  the  plates  were 
matched  to  2%  in  gain  and  had  risetimes  of  18  to  25  ns.  Even 
without  correcting  the  waveforms  for  probe  variations,  it 
appears  tlrnt  a  field  of  only  a  few  percent  of  peak  exists  for  two 
to  three  hundred  nanoseconds  following  the  discharge.  It  should 
be  noted  that  the  first  few  cycles  of  the  differential  waveform 
are  strongly  affected  by  the  alignment  of  the  two  falling  edges 
of  the  main  fields,  emphasizing  the  need  for  accurate  timing  and 


Figure  6.  Comparison  of  the  two  different  kickers.  Field 
pulses  aligned  in  time  and  matched  in  peak  amplitude. 
Smaller  amplitude  central  trace  is  the  difference  lx:twcen 
the  two  fields  (see  note  in  text). 

identical  shapes.  Improvements  can  be  made  to  this  measure¬ 
ment  by  compensating  for  the  individual  probe  responses. 

III.  CONCLUSION 

The  recent  results  of  the  kicker  upgrade  at  SAL  have  been 
encouraging.  The  improved  performance  of  the  tandem  kicker 
system  in  terms  of  pulse  quality  and  ease  of  modulator  adjust¬ 
ment  should  be  adequate  for  the  next  series  of  PSR  develop¬ 
ments.  Additionally,  work  continues  on  eliminating  the  residual 
undershoot  remaining  on  the  pulses.  Future  investigations  will 
focus  on  correcting  the  high  voltage  probe  differences,  develop¬ 
ing  an  automatic  firing  time  drift  compensator  and  linking  the 
two  kickers  with  a  high  level  microprocessor  controller.  This 
should  allow  optimization  of  the  relative  timings  between  the 
two  kickers  and  thus  minimize  beam  disturbances. 
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Abstract 

A  switchyard  kicker  system  which  allows  time  sharing  of 
beam  between  the  Los  Alamos  WNR/LANSCE  complex 
and  other  LAMPF  users  was  redesigned  as  part  of  the 
Proton  Storage  Ring  addition.  The  system  consists  of  two 
pulsers  providing  1750-ampere,  1-msec  pulses  to  a  pair  of 
1  meter  long  ferrite  magnets.  The  system  was  designed 
to  operate  at  24-Hz  maximum  repetition  rate.  In  1986  a 
modification  was  made  to  the  equipment  to  allow  opera¬ 
tion  at  40  Hz.  While  the  system  operated  reliably  this 
way  some  difficulties  were  observed.  A  desire  on  the  part 
of  the  users  to  operate  the  system  at  60  Hz  coupled  with 
a  major  system  failure  led  to  design  changes  to  load  re¬ 
sistors,  drive  cables,  charging  system,  and  cooling  system. 
These  changes  are  described  along  with  an  analysis  of  the 
difficulties  encountered  with  the  original  hardware. 


1  Introduction 

A  pair  of  ferrite  magnets,  each  one  meter  in  length  and 
having  an  aperature  of  9.65  cm  by  5.25  cm,  are  used  to 
switch  beam  between  the  WNR./LANSCE  complex  and 
other  LAMPF  experimenters.  The  magnets  are  pulsed 
to  1750  amperes  for  1  msec  with  a  nominal  risetime  of 
40  fisec.  A  pair  of  modulators  utilizing  22-section  pulse¬ 
forming  networks  (PFN)  provide  the  current  pulse.  Fig. 
1  is  a  block  diagram  showing  the  modulator  confi'’uration 
[1)- 

The  original  specification  called  for  a  maximum  repeti¬ 
tion  frequency  of  24  Hz,  but  a  desire  to  send  more  beam 
to  the  WNR/LANSCE  users  raised  the  rate  to  40  Hz  (2). 
The  PFN  is  resonantly  charged,  then  an  SCR  switches  cur¬ 
rent  to  the  magnet.  To  speed  up  the  charging  time  the 
charge  inductor  was  decreased  from  16  mhy  to  5  mhy  and 
the  discharge  resistor  was  removed.  It  was  also  necessary 
to  add  blowers  to  the  ducts  caryiug  the  drive  cables  to  keep 
these  cables  from  overheating. 

Attempts  to  push  the  repetition  rate  to  60  Hz  resulted  in 
the  marginal  failure  of  a  charging  system  SCR  and  the  loss 
0-7803-0135-8/91S01.00  ©IEEE 


of  a  load  resistor.  Of  course  the  marginal  SCR  would  heal 
itself  before  we  could  find  it,  so  the  replacement  of  the  load 
resistor  was  the  only  corrective  action  taken.  We  replaced 
the  load  resistor  many  times  before  we  finally  were  able  to 
find  the  faulty  SCR  and  replace  it.  As  an  interim  solution 
a  high-current  fast-acting  fuse  was  inserted  in  the  DC  feed 
line  to  the  charging  system  and  at  least  this  saved  the  load 
resistor.  We  also  designed  a  replacement  load  resistor  that 
could  handle  the  entire  DC  power-supply  capacity. 

Having  experienced  trouble  running  at  60  Hz  we  did  a 
thorough  study  of  the  modulators,  which  resulted  in  fairly 
major  system  modifications.  Our  study  showed  that  the 
driv**  cables  were  very  marginal  at  60  Hz,  cooling  for  charg¬ 
ing  SCRs  was  inadequate,  and  the  charging  chokes  satu¬ 
rated  and  overheated.  We  have  replaced  the  charging 
chokes  and  drive  cables,  redesigned  the  load  resistor,  rein¬ 
stalled  the  discharge  resistor  and  completely  reworked  the 
cooling  system. 

2  Charging  System 

Fig.  2  is  a  simplified  drawing  of  the  charging  system. 
Charging  is  initiated  by  firing  SI  and  terminated  by  firing 
S2.  When  S2  is  fired,  the  load  resistance  (0.1  ohm)  and  a 
discharge  resistor  (1  ohm)  are  shunted  across  the  charging 
inductor.  For  24-Hz  operation  the  L/R  discharge  time 
would  be  15  msec.  When  the  system  was  modified  for  40 
Hz  operation  the  charging  inductor  was  reduced  to  5  mhy 
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(the  inductor  had  a  5-mhy  tap)  and  the  discharge  resis¬ 
tor  was  jumpered  out.  For  40-Hs  operation  the  discharge 
time  actually  increased  to  50  msec,  forcing  the  inductor  to 
carry  a  high  DC  current.  This  is  the  source  of  the  core 
saturation.  Our  solution  was  to  replace  the  charging  in¬ 
ductor  with  one  that  can  handle  the  DC  component  and 
to  insert  a  small  discharge  resistor.  The  present  circuit 
utilizes  a  0.5-ohm  discharge  resistor  and  a  5-mhy  charging 
inductor  for  a  discharge  time  constant  of  10  msec. 
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Figure  4;  Charging  Inductors 


Figure  2:  Simplified  Charging  System  Diagram 


Fig.  3  is  a  photograph  showing  the  discharge  resistor. 
It  consists  of  a  series  of  0.04-inch- wall  3/8-inch-diameter 
stainless  steel  tubes.  With  5  GPM  of  water  flow  each 
segment  can  dissipate  5kW.  The  tubes  are  bent  back  on 
themselves  to  minimize  inductance  leaving  about  1.6  /rhy 
per  element;  however,  in  this  application  low  inductance  is 
not  important. 


Figure  3;  Discharge  Resistor 


Fig.  4  shows  the  charging  inductors.  Nominal  induc¬ 
tance  is  5  mhy  with  tap  points  every  0.5  mhy  down  to  2 
mhy.  The  cere  is  sized  to  cary  500  amperes  maximum 
DC  with  a  clipped  sinusoidal  AC  component  of  200  am¬ 
peres  peak-to-peak  covering  14  msec  of  a  16.6-insec  period 
(60-Hz  repitition  rate). 


3  Transmission  Lines 

The  switchyard  kicker  pulse  modulators  are  located  in  a  re¬ 
mote  location  out  of  the  radiation  area  where  the  magnets 
reside.  Eighty  feet  of  power  transmission  line  connects 
the  modulators  to  their  magnets.  The  single-turn  ferrite 
kicker  magnets  appear  electrically  as  a  3  uhy  inductance 
with  about  1  milliohm  of  series  resistance.  The  magnets 
are  pulsed  to  1750  amperes  with  a  rise  time  of  about  40 
/isec.  In  order  to  achieve  this  rate  of  rise  with  reason¬ 
able  voltages  the  power  transmission  lines  must  have  as 
low  inductance  as  possible.  One  does  not  want  to  drop 
all  the  voltage  in  the  transmission  lines.  A  multi-layer 
parallel-strip  line  cable  was  developed  to  meet  this  low  in¬ 
ductance  requirement.  The  original  design  called  for  a 
line  form  'd  from  20  strips  of  12-mil  copper  sheet  and  elec¬ 
trically  connected  with  each  strip  alternating  in  polarity 
[3].  Thiv  results  in  20  transm'  sion  lines  effectively  con¬ 
nected  i  1  parallel  to  prov'de  a  composite  line  with  a  high 
frequence  characteristic  impedance  of  0.07  ohms  and  an 
inducta)  <e  of  0.28  nhy  per  meter.  In  practice  this  line 
was  reo  nifigured  to  appear  electrically  as  6  parallel  trans¬ 
mission  lines  for  a  characteristic  impedance  of  0.23  ohms 
and  an  inductance  of  0.9  rihy  per  meter. 

The  line  was  ivssembled  from  1.9-inch- wide  copper  strips 
with  a  piastic  insulating  jacket  bonded  to  both  sides.  In¬ 
dividual  strips  were  then  taped  together  and  an  outer 
braided  acket  was  slid  over.  An  external  layer  of  rub¬ 
ber  tape  was  placed  over  the  braid.  With  this  geometry 
it  is  important  to  keep  the  individual  conductors  as  close 
togethti  as  possible  and  many  layers  of  tape  were  needed 
to  accomplish  this.  450  watts  is  dissipated  in  this  cable  at 
the  24  Hz  pulse  rate.  Thermal  conductivity  of  the  various 
layers  of  tape  is  quite  poor  but  is  adequate  for  operation 
at  24  Hz.  To  operate  at  40  Hz,  blowers  were  installed  at 
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the  opening  of  the  ducts  the  cables  are  fed  through.  The 
cable  was  very  marginal  at  60  Hz  even  with  the  blowers. 

To  provide  operation  at  60  Hz  we  have  replaced  the  orig¬ 
inal  transmission  lines  with  a  modified  design.  Fig.  5 
shows  the  construction  of  our  new  lines.  The  individually 
insulated  single  conductors  have  been  replaced  with  pairs 
of  conductors  with  a  dielectric  layer  bonded  between  them 
and  an  insulating  layer  bonded  over  the  outside  surfaces. 
Since  the  individual  lines  are  complete  in  themselves  there 
is  no  real  need  to  insure  close  spacing.  We  covered  our 
lines  with  a  woven  plastic  mesh  which  is  quite  open,  allow¬ 
ing  good  heat  transfer  to  the  cooling  air.  In  addition  to 
removing  the  thermal  barrier  we  increased  the  thickness  of 
the  copper  strips  to  16  thousands  of  an  inch  and  increased 
their  width  to  2.75  inches.  Our  80-foot  lines  have  a  char¬ 
acteristic  impedance  of  0.06  ohms,  a  DC  resistance  of  3.7 
milliohms,  an  inductance  of  7.7  nhy  and  a  capacitance  of 
2.2  mfd. 


Figure  5:  Low-Inductance  Transmission  Line 


4  Load  Resistor 

During  our  early  attempts  to  operate  the  system  at  60  Hz 
we  encountered  difficulty  with  a  charging  SCR  (see  Fig,  2). 
When  this  SCR  shorted,  4kj,  the  entire  stored  energy  of  our 
DC  charging  supplies,  was  sent  through  our  load  resistor. 
The  original  load  resistor  design  consisted  of  a  meandering 
strip  of  manginin  placed  in  a  water  jacket  such  that  the 
water  would  flow  across  the  resistor  material.  This  load- 
resistor  design  exhibited  quite  low  inductance  and  easily 
dissipated  the  normal  400j  of  energy.  We  have  replaced 
this  load  resistor  with  120  inches  of  stainless  steel  tubing 
oent  back  on  itself  to  reduce  its  inductance  to  about  0.3 
/ihy.  Fig.  6  is  a  photograph  of  this  load  resistor.  With 

5  gpm  of  cooling  water  flow  we  can  dissipate  5000  watts 
with  only  a  10-degree  maximum  temperature  rise. 


Figure  6:  Load  Resistor 
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Abstract 

Beam  test  of  a  slow  extraction  system  has 
been  performed  at  the  injection  energy  (10 
MeV/u)  for  o  particles  in  order  to  study  the 
feasibility  of  the  system.  Beam  spill  time  of  0.7 
second  has  been  achieved  for  3  x  10^  extracted 
particles  although  the  effect  of  the  current 
ripple  in  the  magnet  power  supplies  are 
observed. 

1.  Introduction 


attached  to  the  ordinary  lattice  dipole  magnets 
as  shown  in  Fig.  1.  The  horizontal  betatron 
tune  is  shifted  from  1.70  to  1.6666  -by 
decreasing  the  field  gradients  of  radially 
focusing  quadrupole  magnets  after 
acceleration.  In  Table  1,  designed  hardware 
equipmen*"  for  the  slow  extraction  system  are 
listed  up.  All  the  equipments  have  been  studied 

off-line  beforehand  and  then  are  installed  into 
the  ring.  In  the  present  paper,  their  typical 
characteristics  arc  briefly  described  together 
with  the  recent  results  of  the  beam  test. 


In  order  to  respond  to  the  increasing 
needs  for  biomedical  research  utilizing  ion 
beams  with  intermediate  energies(several 
hundreds  MeV/u),  a  slow  beam  extraction 
system  has  been  designed  and  constructed  at 
TARN  II.  The  system  consists  of  an  electrostatic 
septum(ESS),  a  magnetic  septum(SM),  a 
sextupole  magnet(SX)  and  three  bump  coils 


Fig,  1  Layout  of  the  slow  extraction  system  of  TARN  11. 
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II.  Hardware  Equipments 

A.  Electrostatic  Septum  (ESS) 

In  order  to  reduce  the  beam  loss,  the  first 
septum  is  an  electrostatic  type  with  a  septum 
wires  made  of  Re-W  alloy  90  pm  in  diameter 
stretched  with  spacing  and  tensions  of  1.25  mm 
and  600  g,  respectively.  The  negative  high 
voltage  is  applied  to  an  electrode  made  of 
titanium  opposing  to  the  septum  wires  with  the 
earth  potential.  Up  to  now,  already  a  high 
voltage  more  than  90  kV  has  been  safely 
applied  for  the  gap  of  10  mm  whereas  the 
designed  value  is  85  kV  for  the  highest  energy. 
With  evacuation  utilizing  a  tarbo-molecular 
pump  and  a  Cryogenic  pump  with  pumping 
speeds  of  200  //sec  and  1600  //sec, respectively, 
the  final  end  of  the  vacuum  pressure  at  the 
chamber  of  the  electrostatic  septum  has 
reached  1  x  10'^®  Torr  after  a  baking  process. 


Table  1 


Hardware  Equipments  for  Slow  Beam  Extraction 


Sextupole  Magnet 
Electrostatic  Septum 


Septum  Magnet 


Bump  Coil  1 
//  2 

«  3 


B“L,Bp  =  0.3015  1/ra’  (DC  mode) 
E  =  70~85  kV/cm,  L  =  1.0  m, 
Deflection  Angle  =5.8  mrad, 
Septum  Thicloiess  =  0.15  mm 
B  =  5  kC,  L  =  1.0  m. 

Deflection  Angle  =85.2  mrad, 
Septum  Thickness  =  9  mm 
Deflection  Angle  =5.4  mrad 
"  =-7 . 1  mrad 

"  =7.1  mrad 
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B.  Septum  Magnet  (SM) 

In  order  to  suppress  degassing  rate,  the 
second  septum  is  made  of  solid  iron  block 
instead  of  laminated  plates  although  it  assumes 
DC  operation.  The  septum  thickness  allowable 
for  the  present  case  is  9  mm  and  the  current 
density  in  the  septum  coil  amounts  to  78  A/mm^ 
for  the  highest  excitation  of  5kG.  It  is  found 
that  the  temperature  rise  of  the  septum  coil  in 
tl,  air  is  below  30°C  for  the  maximum 
excitation  current  of  2500  A  and  is  well  in  a 
range  of  practical  use.  As  the  insurating 
materials  for  return  and  septum  coils,  ceramic 
coating  and  sheets  of  Kapton  are  used, 
respectively,  large  degassing  rate  is 
anticipated.  However,  the  end  pressure  of  2.2  x 
10'^®  Torr  has  been  attained  at  the  septum 
magnet  chamber  by  evacuation  with  a  turbo- 
molecular  pump  of  pumping  speed  of  400  //sec. 

C.  Sextupole  Magnet  (SX) 

As  an  exciter  of  the  resonance,  a 
sextupole  magnet  made  of  soft  iron  block  is 
utilized  at  the  position  shown  in  Fig.  1.  The 
needed  strength  of  the  sextupole  for  extraction 
is  S  (=B"L/Bp)  =0.3015  l/m2(  Table  1).  The  beam 
life  time  was  measured  for  various  strength  of 
the  sextupole  as  shown  in  Fig.  2.  If  we  assume 
the  injection  and  maximum  extraction  energy 
of  10  MeV/u  and  350  MeV/u,  respectively,  the 
ratio  of  the  magnetic  rigidity  between  injection 
and  maximum  energies  amounts  to  6.4  times  and 
if  the  sextupole  magnet  is  DC  operated  its 
strength,  S,  at  the  injection  energy  amounts  to 
1.9  l/m^,  which  is  found  to  lead  to  a  short  beam 
life  as  shown  in  Fig.  2.  So  the  sextupole  magnet 
is  changed  to  be  ramped  during  acceleration 
time  of  TARN  II  as  long  as  about  4  sec. 


SEXTUPOLE  FIELDiS-UBpl  (l/ra=) 


Fig.  2  Dependence  of  beam  life  on  the  sextupole 
strength. 


TIME  (S) 

Fig.  3(a)  Ramping  pattern  of  radially  focusing 
quadrupole  magnets. 


Fig.  3(b)  Ramping  pattern  of  bump  coils. 


to 
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Fig.  4  Working  line  in  the  tune  diagram  during  the 
beam  lest. 
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III.  Procedure  of  Beam  Experiments 


As  the  preliminary  test  of  the  slow 
extraction  system,  the  a  beam  is  extracted  at  the 
injection  energy(10  MeV/u).  The  field  gradient 
of  the  radially  focusing  quadrupole  magnets 
are  reduced  after  beam  injection  and  RF 
capture  as  shown  in  Fig.  3(a).  In  the  process, 
the  operating  point  in  the  tune  diagram  is 
shifted  as  shown  in  Fig.  4.  In  order  to  make  the 
beam  aperture  to  be  minimum  at  the  entrance 
of  the  electrostatic  septum,  three  bump  coils 
are  excited  by  the  timing  as  shown  in  Fig.  3(b). 
The  intensity  of  the  circulating  beam  in  the 
ring  decreases  corressponding  to  the  timing 
when  the  signals  at  the  scintillation  counter  set 
at  the  exit  of  the  septum  magnet  are  observed 
(Fig.  5).  The  output  signals  from  the  photo¬ 
multiplier  is  processed  through  the  electronics 
system  as  shown  in  Fig.  6  to  observe  the  time 
structure  of  the  extracted  beam.  As  is  shown  in 
Fig.  7,  the  duration  of  the  extracted  beam  of  the 
intensity  of  3  x  10  ^  is  about  0.7  second  although 
the  beam  intensity  is  modulated  from  100%  to 
0%  by  50  Hz  due  to  the  presence  of  large 


0  5  10 


Time  (sec.) 

Fig.  5.  Time  variation  of  intensities  of  the  circulating 
and  extracted  beam. 


current  ripple  of  the  power  supplies  of  the 
magnets  in  the  lattice.  The  results  presented 
here  are  very  preliminary  ones  and  further 
study  is  needed  to  improve  the  beam  spill  and 
emittance  of  the  extracted  beam  and  so  on. 
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Abstract 

Performance  of  the  newly  installed  40 
keV  negative  ion  injector  for  the  three  isotopes 
(masses  12,13  and  14)  of  natural  carbon  is 
discussed.  A  cesium  sputter  ion  source  and  an 
achromatic  arrangement  of  four  dipole  magnets 
with  two  electric  slot  lenses  is  being  used,  to 
achieve  minimal  aberrations  for  the  injected 
beam  into  a  tand^'m. 

I.  INTRODUCTION 

As  part  of  the  new  AMS  system  built 
for  the  National  Ocean  Sciences  AMS  Facility 
[1]  at  Wo  Js  Hole  Oceanographic  Institution 
(Woods  Hole,  MA)  by  US-AMS  Corporation  [2] 
(Topsfield,  MA).  an  injector  for  simultaneous 
acceleration  of  the  three  natural  isotopes  of 
carbon  was  designed.  The  extremely  low 
abundance  of  carbon-14  compared  to  carbon- 13 
(times  IQlO)  and  carbon- 12  (times  10l2)  makes 
ratio  mass  spccPometry  difficult.  Sequential 
measurements  are  subject  to  differences  in 
beam-loading  as  well  as  the  usual  short-term 
tandem  accelerator  instabilities.  The  frequently 
used  electrostatic  "bouncer"  has  limited 
efficiency.  Since  the  carbon- 13/12  ratio  is 
stable,  and  varies  only  slightly  from  sample  to 
sample,  simultaneous  acceleration  of  all  three 
isotopes  with  online  measurement  of  the  13/12 
ratio  makes  a  useful  diagnostic  indicator  of 
fractionation  effects  and  other  systematic 
problems. 

II.  PHYSICAL  DESCRIPTION 
A.  Ion  Source 

The  cesium  sputter  ion  source  was  based 
on  work  by  Middleton  [2]  and  is  similar  in 
principle  to  that  built  by  Genus  Corporation  for 


Lawrence  Livermore  National  Laboratory.  It 
has  an  hemispherical  ionizer,  through  the  center 
of  which  the  negative  ion  beam  is  extracted. 
Cesium  vapor  is  stabilized  by  regulating  the 
temperature  of  both  the  reservoir  and  the 
transfer  tube  closely.  The  cesium  ions  are 
accelerated  through  about  8  kV  from  the  ionizer 
to  the  target.  The  graphite  sputter  targets 
(containing  the  samples  for  analysis)  are 
pressed  into  2  mm  diameter  holes  in  aluminum 
cartridges.  A  carousel  holds  59  of  these  targets. 
The  target  changer  is  operated  by  DC 
servomotors  on  the  high  voltage  deck.  The 
sputtered  negative  ions  emerge  through  the  hole 
in  the  ionizer  and  pass  through  a  32  kV 
extraction  gap.  so  that  the  total  energy  is  40 
keV.  The  acceptance  half-angle  is  22 
milliradians,  limited  by  an  aperture  plate  at  the 
exit  of  the  source.  A  cylindrical  einzel  lens 
brings  the  beam  to  an  object  point  for  the 
recombinator.  There  is  an  insertable  Faraday 
cup  to  measure  source  output. 

B.  Recombinator 

This  arrangement  of  magnetic  and 
electrostatic  elements  was  optimized  by  the 
Toronto  group  Ot  is  sometimes  referred  to  as  a 
Brown  achromat)[3].  Although  not  the  first 
application  of  a  recombinator  to  AMS,  this  one 
is  simple  to  set  up  and  align,  because  of  the 
separated  functions  of  the  vertically  focussing 
electric  slot  lenses  and  horizontally  focussing 
dipole  magnets.  The  Ult  of  the  horizontal  focal 
plane  with  respect  to  the  plane  of  symmetry, 
due  to  second  order  aberrations,  is  partially 
corrected  by  concave  exit  faces  of  the  magnet 
poles.  As  a  result,  the  emerging  isotopes  should 
diverge  by  no  more  than  3.7  milliradians,  which 
is  within  the  acceptance  of  the  accelerator.  The 
four  450  magnets  which  make  up  the 
spectrometer  have  260  mm  bending  radii  for 
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mass  13, 50  mm  apertures  and  normal  entrance 
and  exit  angles.  The  two  slot  lenses  operate  at 
20  kV  and  cause  a  vertical  cross-over  at  the 
center  of  the  system.  They  also  incorporate 
vertical  steerers.  The  horizontal  separation  of 
the  three  parallel  beams  in  the  minor  plane  of 
the  recombinator  is  19  mm.  An  aperture  plate 
at  this  location  removes  mass  15  (NH')  and 
higher  masses.  There  are  no  defining  apertures 
for  mass  12, 13  and  14.  A  chopper  wheel  was 
introduced  at  this  location  to  attenuate  the  mass 
12  beam  by  a  factor  of  85,  which  makes  it 
approximately  equal  in  intensity  to  the  mass  13 
beam.  Faraday  cups  are  inserted  to  measure  the 
mass  12  in  the  mirror  plane,  and  at  the  entrance 
lens  to  the  accelerator.  Insertable  flags  can 
block  the  mass  13  and  14  beams  for  testing 
purposes. 

III.  PERFORMANCE 

A  good  vacuum  in  the  ion  source  is 
necessary  for  low  backgrounds.  We  use  a  400 
L/s  turbopump  which  keeps  the  pressure  below 
2  X  10-6  Torr.  In  addition,  a  150  L/s  turbo  is 
located  at  the  center  of  the  recombinator.  A 
fully  loaded  target  wheel  takes  at  least  an  hour 
to  outgas.  At  the  exit  of  the  source,  total 
currents  of  nearly  a  milliampere  are  seen.  At  the 
center  of  the  recombinator,  we  typically  obtain 
40  to  50  microamperes  of  analyzed  mass  12 
beam  (before  attenuation)  from  our  graphite 
targets,  which  contain  2  mg  of  carbon;  these 


beams  persist  for  several  hours.  (Beams  as  high 
as  200  microamperes  are  possible,  with  suitable 
target  material.)  The  beam  spots  at  the  center  of 
the  recombinator  are  3  mm  diameter,  so  the 
mass  resolution  is  about  15%.  At  the  exit  of  the 
recombinator,  the  beam  which  is  injected  into 
the  accelerator  contains  35%  mass  12  (12C), 
and  65%  mass  13  (*^H,  ^^C)  with  a  trace  of 
mass  14  and  ^^C).  The  total 

current  at  this  point  is  about  2  miCToamperes. 
The  beam  diameter  is  less  than  3mm.  Use  of 
the  chopper  wheel  as  an  attenuator  for  the  12c 
beam  does  not  affect  the  stability  of  the 
measured  carbon  13/12  ratio,  which  can  be 
measured  to  one  part  in  a  thousand.  With  no 

attenuator,  the  transmission  of  a  beam 

switched  through  the  three  separate  trajectories 
of  the  injector  showed  equal  transmission.  The 
first  injector  has  been  operational  with  the  rest 
of  the  AMS  system  at  Woods  Hole  since  early 
1991. 

A  second  injector  leg  is  now  under 
construction,  and  is  expected  to  be  operational 
in  mid-1991.  Figure  1  shows  the  complete  dual 
leg  injector.  A  switching  magnet  is  used  to 
select  the  injector. 


Figure  1.  The  dual-leg  injector,  with  two  recombmators,  two  ion  sources  and  a  switching  magnet.  The 
two  ion  sources  are  separated  by  3.5  meters. 
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ABSTRACT 

Alerted  by  impedance  measurements 
of  ferrite  kicker  magnets [1]  and  by 
apparent  beam  induced  pressure  increase 
in  the  neighborhood  of  window  frame 
kicker  magnets,  bench  measurements  of 
magnet  heating  have  been  done.  They 
confirmed  the  necessity  of  interrupting 
the  ferrite  yoke.  Another  method,  which 
can  be  applied  for  existing  magnets, 
will  be  described. 

OBSERVATIONS  AND  MEASUREMENTS 

Figure  1  shows  a  vacuum  scan  in 
the  AGS  at  the  A*10  straight  section, 
where  window  frame  kicker  magnets  are 
located.  The  scan  was  taken  during  a 
high  intensity  running  period  and 
includes  a  scheduled  maintenance  shut¬ 
down.  The  horizontal  line  indicates  the 
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Figure  1.  Vacuum  scan  at  A- 10  straight 
section  in  the  AGS  ring 
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period  without  circulating  beam.  At  the 
beginning  of  that  shutdown,  it  was  seen 
that  the  vacuum  decreases  by  an  order  of 
magnitude  and  that  it  increases  again 
when  the  AGS  resumed  running.  Measure¬ 
ments  of  beam  impedance  of  ferrite  mag¬ 
nets  [1]  led  to  the  assumption  that  the 
ferrite  is  outgassing  due  to  beam 
induced  heating. 

To  investigate  this  phenomena 
further,  a  bench  measurement  was  set  up 
in  which  an  rf  power  amplifier  (ENI 
A-500)  was  used  to  simulate  the  beam. 
Ferrite  bricks  (C2050) ,  similar  to  the 
ones  in  the  kicker  magnets,  were  stacked 
to  form  a  one -foot  long  window  frame 
magnet  with  8"  x  5"  outside  and  6"  x  3" 
inside  dimensions  and  the  power  ampli¬ 
fier  was  connected  via  a  copper  rod 
through  the  magnet  into  a  dummy  load. 
The  transmitted  current  was  monitored 
with  a  current  transformer.  The  temper¬ 
ature  of  the  ferrite  bricks  was  measured 
with  thermocouples.  Figure  2  shows  the 
temperature  of  the  ferrite  as  a  function 
of  time  after  the  power  amplifier  was 
turned  on  for  two  different  frequencies. 
The  starting  temperatures  are  slightly 
different,  reflecting  that  the  curves 
were  obtained  on  different  days.  The 
heating  of  the  ferrite  is  seen  to 
increase  strongly  with  frequency.  Espe¬ 
cially  the  behavior  at  the  higher 
frequency  explains  the  observed  pressure 
rise  in  the  vicinity  of  the  kicker  mag¬ 
net  in  the  AGS,  since  Fourier  analysis 
of  the  circulating  beam  shows  that  all 
harmonics  of  the  rf  frequency  show  up  in 
the  spectra. 

The  measurements  have  been 
repeated  for  the  case  in  which  the  fer¬ 
rite  yoke  has  been  interrupted  by  a  1  mm 
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copper  sheet  as  a  diamagnetic  barrier  in 
the  magnetic  path.  Even  with  a  current 
of  3.5  A  at  12  MHz  through  the  magnet 
for  many  hours ,  no  temperature  change  of 
the  ferrite  has  been  observed. 


Figure  2.  Temperature  of  ferrite  as  a 
function  of  time  at  two  rf 
frequencies . 

Another  way  to  prevent  flux  being 
coupled  into  the  ferrite  is  to  wrap  a 
shorted  coil  around  the  ferrite  yoke. 
Such  a  coil  will  generate  a  current  such 
that  the  next  flux  remains  zero  to  ful¬ 
fill  the  boundary  condition,  that  there 
cannot  be  any  voltage  drop  across  the 
short  circuit.  Actually  due  to  the 
finite  resistance  of  such  a  coil,  some 
residual  flux  may  flow.  With  R  the 
resistance  of  the  coil  and  L  the  induc¬ 
tance  of  the  magnet,  it  can  be  shown 
that  with  a  current  I  x  sin  (wt)  in  the 
primary  winding,  the  induced  current  in 
the  coil  is  within  the  limit  wL  »  R: 

I  X  [R/uL  cos  (wt)  +  sin  (ut)]. 

For  the  magnets  under  investigation,  the 
contribution  to  the  flux  due  to  this 
effect  is  negligible. 


With  a  current  of  3 . 5  A  at  12  MHz , 
the  experiment  was  repeated.  A  tempera¬ 
ture  increase  of  4°C  was  observed  after 
a  period  of  8  hours.  Apparently  some 
flux  leaks  around  the  short  circuit. 
Nevertheless,  since  the  test  showed  so 
much  improvement  and  since  a  shorted 
coil  can  be  installed  so  easily  on  the 
existing  magnets,  it  was  decided  to 
install  shorted  coils  in  the  symmetry 
plane  of  the  kicker  magnets  in  the  AGS 
during  the  summer  shutdown  of  1989. 
Figure  3  .shows  a  vacuum  scan  similar  to 
Figure  1  during  the  high  intensity  run 
following  the  installation  of  the 
shorted  coils  on  the  kicker  magnets.  It 
is  seen  that  there  is  still  interaction 
between  the  beam  and  the  vacuum,  but  it 
should  be  noted  that  the  operating  pres¬ 
sure  in  the  AGS  improved  by  an  order  of 
magnitude,  thereby  significantly 
increasing  the  sensitivity  for  outgass- 
ing. 


Figure  3.  Vacuum  scan  during  high 
intensity  running  after 
installation  of  shorted 
turns . 

The  ferrite  (CMD5005)  ,  which  has 
been  selected  for  all  the  fast  kicker 
magnets  for  the  AGS  Booster,  has  good 
vacuum  properties  and  a  high  permeabil¬ 
ity.  A  sample  of  the  ferrite  was 
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obtained  and  tested  in  a  similar  way. 
Figure  4  gives  the  temperature  measure¬ 
ment  for  a  current  of  1  A  at  three  dif¬ 
ferent  frequencies.  It  is  seen  that  in 
all  three  cases ,  the  surface  temperature 
of  the  ferrite  rises  to  above  120°C, 
which  is  so  close  to  the  Curie  tempera¬ 
ture  of  the  ferrite  that  the  magnetic 
properties  of  the  ferrite  will  have 
changed  drastically.  Although  the 
dimensions  of  the  sample  were  different, 
4"  X  4"  outside  and  2"  x  2"  inside,  the 
higher  permeability  leads  to  an 
increased  sensitivity  for  induced  heat¬ 
ing. 


Figure  4.  Temperature  measurement 
for  a  current  of  1  A  at 
three  different  rf 
frequencies . 

With  the  sample  CMD5005  ferrite, 
the  tests  with  the  copper  interruption 
and  the  shorted  coil  have  been  done. 
With  the  copper  interruption,  no  tem¬ 
perature  rise  has  been  detected  with  a 
current  of  2  A  at  8  MHz  during  a  period 


of  many  hours.  Under  the  same  condi¬ 
tions,  a  temperature  rise  of  1-2  degrees 
was  measured  at  the  end  of  a  5 -hour 
period  for  the  case  of  a  shorted  coil. 

CONCLUSIONS 

To  reduce  the  impedance  to  the 

beam,  a  diamagnetic  barrier  in  window 
frame  ferrite  magnets  has  proven  to  be 
very  effective  and  it  is  shown  that  it 
is  necessary  for  two  other  reasons; 
namely,  for  maintaining  the  quality  of 
the  vacuum  and  for  preserving  the  mag¬ 
netic  properties  of  the  ferrite. 

Equipping  window  frame  magnets 

with  a  shorted  coil,  which  can  be 

executed  rather  easily  on  existing  mag¬ 
nets,  has  been  shown  to  serve  the  same 
purpose,  although  not  as  effectively  as 
the  diamagnetic  barrier, 
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Abstract 

A  new  method  is  presented  that  allows  the  reconstruction 
of  trajectories  and  the  on-line  correction  of  residual  aber¬ 
rations  that  limit  the  resolution  of  particle  spectrographs. 
Using  a  computed  or  fitted  high  order  transfer  map  that 
describes  the  uncorrected  aberrations  of  the  spectrogr.aph 
under  consideration,  it  is  possible  to  determine  a  pseudo 
transfer  map  that  allows  the  computation  of  the  corrected 
data  of  interest  as  well  as  the  reconstructed  trajectories 
in  terms  of  position  measurements  in  two  planes  near  the 
focal  plane. 

The  technique  is  only  limited  by  the  accuracy  of  the  po¬ 
sition  measurements  and  the  accuracy  of  the  transfer  map. 
In  practice  the  method  can  be  expressed  as  an  inversion  of 
a  pseudo  transfer  map  and  implemented  in  the  differential 
algebraic  framework.  The  method  will  be  used  to  correct 
residual  high  aberrations  in  the  S800  spectrograph  which 
is  under  construction  at  the  National  Superconducting  Cy¬ 
clotron  Laboratory  at  Michigan  State  University. 

1  Introduction 

Efficient  modern  high-resolution  mass  spectrographs  usu¬ 
ally  offer  rather  large  phase  space  acceptances.  One  such 
spectrograph  is  the  S800  currently  under  construction  at 
Michigan  State  University’s  National  Superconducting  Cy¬ 
clotron  Laboratory  [1,  2].  Such  large  acceptance  high  res¬ 
olution  spectrographs  usually  require  a  careful  consider¬ 
ation  and  correction  of  aberrations.  But  because  of  the 
large  phase  space  acceptance,  effects  of  rather  high  orders 
contribute.  This  makes  the  correction  process  often  con¬ 
siderably  more  difficult  and  complex,  and  sometimes  even 
prevents  a  complete  correction  of  aberrations  in  the  con¬ 
ventional  sense. 

It  is  often  possible  to  circumvent  or  at  least  alleviate 
these  problems  by  using  additional  information  about  the 
particles.  In  particular,  one  often  measures  not  only  their 
final  position  but  also  their  final  angle  by  means  of  a  sec¬ 
ond  detector.  With  this  additional  information  it  is  to 
some  degree  possible  to  retroactively  construct  the  whole 
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trajectory  of  the  particle.  This  information  can  be  used 
both  for  the  numerical  correction  of  the  quantities  of  inter¬ 
est,  but  it  also  reveals  additional  properties  like  the  initial 
angle,  which  is  of  course  of  interest  in  the  study  of  many 
nuclear  processes. 

In  the  past  such  trajectory  reconstruction  techniques 
were  quite  involved,  often  requiring  extensive  ray  tracing 
and  the  storage  of  large  arrays  of  ray  data  and  extensive 
interpolation.  In  this  paper,  we  present  a  rather  direct 
and  efficient  method  based  on  differential  algebraic  (DA) 
techniques. 

In  recent  years  we  have  shown  that  maps  of  particle  op¬ 
tical  systems  can  be  computed  to  much  higher  orders  than 
previously  possible  using  DA  methods  [3,  4,  5,-  6).  Further¬ 
more,  the  techniques  also  allow  the  accurate  treatment  of 
very  complicated  fields  that  can  be  treated  only  approxi¬ 
mately  otherwise.  In  our  particular  case,  these  include  the 
fringe  fields  of  the  large  aperture  magnets  required  for  such 
particle  spectrographs.  So  for  the  first  time  there  is  now 
the  possibility  to  really  compute  all  the  aberrations  that 
comprise  a  modern  high  resolution  spectrograph  without 
having  to  rely  on  tedious  ray  tracing. 

On  the  practical  side  this  requires  high  order  codes  for 
the  computation  of  highly  accurate  maps  for  realistic  fields. 
The  new  code  COSY  INFINITY  [7,  8,  9,  10)  allows  such 
computations  in  a  very  powerful  language  environment.  It 
also  has  extensive  and  general  optimization  capabilities, 
supports  interactive  graphics  and  provides  ample  power 
for  customized  problems,  and  it  provides  all  the  necessary 
tools  for  efficient  trajectory  reconstruction. 

In  the  next  section,  we  will  discuss  an  important  algo¬ 
rithm  for  this  task,  the  inversion  of  transfer  maps.  Section 
3  outlines  the  use  of  map  inversion  techniques  for  the  pur¬ 
poses  of  trajectory  reconstruction.  Section  4  provides  an 
outlook  for  the  practical  application  in  connection  with  the 
S800  spectrograph. 

2  Inversion  of  Transfer  Maps 

At  the  core  of  the  operations  that  follow  is  the  need  to 
invert  transfer  maps  in  their  DA  representation.  Though 
at  first  glance  this  appears  like  a  very  difficult  problem, 
we  will  see  that  indeed  there  is  a  rather  elegant  and  closed 
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algorithm  to  perform  this  task. 

We  begin  by  splitting  the  map  An  into  its  linear  and 
nonlinear  parts: 

An  =  Ain  +  Ain.  (1) 

Furthermore,  we  write  the  sought  for  inverse  as  A/„. 

>1-'”  =  Mn  (2) 

Composing  the  functions,  we  obtain 


(.Ai  +  Ain)  °  Mn  =  En=> 

AloMn  =  En-  Ain  O  Af„  => 

Mn  =  Ai^  0{En- Ain  O  Mn-l).  iZ) 

Here  ”o”  stands  for  the  composition  of  maps.  In  the 
last  step  use  has  been  made  of  the  fact  that  knowing  M„_i 
allows  us  to  compute  yl2noM„.  The  necessary  computation 
of  is  a  linear  matrix  inversion. 

Equation  (3)  can  now  be  used  in  a  recursive  manner  to 
compute  the  Mi  order  by  order. 


3  Trajectory  Reconstruction 

The  result  of  the  computation  of  the  transfer  map  of  the 
system  allows  us  to  relate  final  quantities  to  initial  quan¬ 
tities  and  parameters.  In  our  case,  the  relevant  quantities 
are  the  positions  in  x  and  y  directions  as  well  as  the  mea¬ 
sures  of  slopes  Pt/po,  Py/po  and  the  energy  of  the  particles 
under  consideration.  Usually  the  initial  z,  which  is  deter¬ 
mined  by  the  target  thickness  or  a  subsequent  slit,  is  kept 
small  to  provide  a  minimal  entrance  width.  So  the  final 
positions  and  slopes  are  primarily  determined  by  the  en¬ 
ergy,  and  to  higher  orders  also  by  the  initial  y  position  and 
the  initial  slopes. 

In  the  full  transfer  map  we  now  set  z,  to  zero  and  con¬ 
sider  the  following  submap; 


This  map  relates  the  quantities  which  can  be  measured 
in  the  two  planes  to  the  quantities  of  interest.  The  map 
S  is  not  a  regular  transfer  map,  and  in  particular  its  lin¬ 
ear  part  does  not’have  to  be  a  priori  invertible.  In  a  well 
designed  particle  spectrograph,  the  linear  part  has  the  fol¬ 
lowing  form: 


0  0  0  * 

♦00* 
0  ♦  *  0 

0  ♦  ♦  0 


(5) 


where  a  star  denotes  an  entry  that  is  not  zero.  Since  the 
system  is  imaging,  clearly  (x,a)  vanishes,  and  all  the  other 


Figure  1:  The  vertical  layout  of  the  S800  spectrograph 


zero  terms  vanish  because  of  midplane  symmetry.  (x,d)  is 
maximized  in  spectrograph  design,  and  (a, a)  cannot  vanish 
in  an  imaging  system  because  of  symplecticity.  In  fact,  to 
reduce  the  effect  of  the  finite  size  entrance  slit,  (x,x)  is 
minimized  within  the  constraints,  and  so  (a, a)  =  l/(x,x) 
is  also  maximized. 

Because  of  symplecticity,  (y,y)(b,b)-(y,b)(b,y)  =  1,  and 
so  we  obtain  for  the  total  determinant  of  S: 

|S|  =  (z,d).(a,a)7^0,  (6) 

besides  being  nonzero,  the  size  of  the  determinant  is  also 
a  good  measure  of  the  quality  of  the  spectrograph:  the 
larger  the  better. 

So  certainly  the  linear  matrix  is  invertible,  and  accord¬ 
ing  to  the  last  section,  this  entails  that  the  whole  nonlinear 
map  S  is  invertible  to  arbitrary  order,  and  thus  it  is  possi¬ 
ble  to  compute  the  initial  quantities  of  interest  to  arbitrary 
order. 

A  closer  inspection  of  the  algorithm  shows  that  in  each 
iteration,  the  result  is  multiplied  by  the  inverse  of  the  lin¬ 
ear  matrix  S.  Since  the  determinant  of  this  inverse  is  the 
inverse  of  the  original  determinant  and  is  thus  quite  small, 
this  entails  that  the  originally  large  terms  in  the  nonlinear 
part  of  the  original  map  are  more  and  more  suppressed.  So 
clearly  even  with  trajectory  construction,  the  original  in¬ 
vestment  in  the  quality  of  the  spectrograph,  which  is  deter¬ 
mined  by  its  dispersion  and  its  x  demagnification,  directly 
influences  the  quality  of  the  trajectory  reconstruction. 

4  The  Correction  of  Aberrations 
in  Spectrographs 

The  proposed  superconducting  magnetic  spectrograph,  the 
S800  [1]  shown  in  fig.  1,  for  the  National  Superconducting 
Cyclotron  Laboratory  will  allow  the  study  of  heavy  ion 
reactions  with  magnetic  rigidities  of  up  to  1.2  GeV/c.  It 
will  have  an  energy  resolution  of  one  part  in  10000  with  a 
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Table  1:  The  S800  Spectrograph 


Drift 

1  = 

60  cm 

Quad 

1  = 

40  cm,  Gmax 

= 

21  T/m  ,  d  = 

=  .01  m 

Drift 

1  = 

20  cm 

Quad 

1  = 

40  cm,  Gmax 

= 

6.8  T/m,  d  : 

=  .02  m 

Drift 

1  = 

50  cm 

Dipole 

r  = 

2.6667  m,  Bmax 

=  i.5r,  <l>  = 

:  75  deg, 

ft  = 

=  0  deg,  62  = 

30 

deg 

Drift 

1  = 

140  cm 

Dipole 

r  = 

2.6667  m,  Bmax 

=  1.57,  d,  = 

:  75  deg 

€1  = 

=  30  deg,  f2  = 

:  0 

deg 

Drift 

1  = 

257.5  cm 

large  solid  angle  of  about  20  msr  and  an  energy  acceptance 
of  about  10  percent. 

The  spectrograph  will  be  used  in  connection  with  the 
new  K1200  Superconducting  Cyclotron  for  beams  of  pro¬ 
tons  up  to  Uranium  with  energies  of  2  to  200  MeV/u.  It 
will  provide  unique  opportunities  for  research  in  various 
areas,  including  the  study  of  giant  resonances,  charge  ex¬ 
change,  direct  reaction  studies  and  fundamental  investiga¬ 
tions  of  nuclear  structure  (11]. 

The  S800  consists  of  two  superconducting  quadrupoles 
and  two  75  degree  dipoles  with  y-focusing  edge  angles.  Ta¬ 
ble  1  lists  the  parameters  of  the  system.  The  settings  of  the 
quadrupoles  shown  here  correspond  to  particles  of  193.04 
MeV,  mass  100  and  charge  50.  Standard  optics  notation 
is  used. 

After  a  careful  measurement  of  the  crucial  fringe  fields  of 
the  dipoles,  we  will  be  using  COSY  to  determine  the  high 
order  properties  of  the  map  of  the  spectrograph.  The  com¬ 
putation  of  the  map  S  from  the  resulting  transfer  map  can 
be  performed  directly  within  the  COSY  environment,  and 
so  can  the  inversion  of  the  map  S.  Altogether,  a  correction 
map  S  is  found,  the  nonlinearity  of  which  is  determined  by 
the  nonlinearity  of  the  original  map  and  the  quality  in  the 
spectrograph  measured  by  (x,d)/(x,x).  It  is  anticipated 
that  the  correction  map  can  be  used  for  an  on  line  deter¬ 
mination  of  the  relevant  data  without  having  to  store  the 
raw  two  plane  position  measurements. 
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In  closing  we  would  like  to  note  that  the  method  can  also 
be  employed  for  spectrographs  for  which  no  sufficient  field 
measurements  are  known.  To  this  end,  one  has  to  perform 
experimental  ray  tracing  and  fit  the  resulting  data  with 
a  polynomial  type  transfer  map.  Also  in  this  case,  the 
'.version  can  be  done  in  the  map  picture  resulting  in  a 
rather  compact  representation  of  the  data  necessary  for 
correction. 
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ABSTRACT 

The  injection  system  for  the  ELETTRA  storage  ring  is  a  full 
energy  linac.  It  will  be  located  underground  outside  the  storage 
ring  so  as  not  to  interfere  with  the  experimental  area.  It  will  be 
constructed  and  operated  in  two  stages:  1.5  GeV  (for  initial  user 
operation)  and  2  GeV  (for  final  operation)  with  the  option  of 
conversion  for  positrons  in  a  later  stage.  To  obtain  a  sm^l  beam 
size  as  well  as  to  implement  many  of  identical  elements,  the 
transfer  line  exist  of  4  achromatic  arcs,  three  in  the  horizontal 
and  one  in  the  vertical  direction.  The  matching  between  the 
achromatic  arcs  is  performed  with  triplet-  and  FODO-systems. 
The  longest  transfer  line  (1.5  GeV)  with  a  length  of  103m  needs 
30  quadrupoles,  7  bending  magnets  and  34  steerer  magnets.  The 
largest  beam  size  obtained  throughout  the  transfer  line  is  +/- 12 
mm  for  electrons  and  +/-  17  mm  for  positrons.  To  get  95  %  of 
P^cles  (2  GeV-positrons)  through  the  transfer  line  and  conside¬ 
ring  misalignment  errors,  the  aperture  of  the  magnetic  elements 
has  to  be  +/-  25  mm. 


I.  INTRODUCTION 

The  injection  systems  commonly  used  for  second  and  third 
generation  synchrotron  light  sources  consist  of  a  preaccelerator 
and  a  booster  synchrotron.  At  Sincrotrone  Trieste,  a  full  energy 
linac  (2  GeV)  is  now  adapted,  instead  of  the  previous  linac- 
booster  injection  system  [  1] ,  in  order  to  use  the  linac  not  only  for 
injection  but  also  for  other  purposes  [1).  The  first  design  of  the 
transfer  line  (2], [3]  was  accomplish^  without  any  knowledge 
about  the  magnets  steerers  and  monitors.  Now  alt  these  parts  are 
designed  and  the  final  structure  of  the  whole  transfer  line  is 
fixed. 

The  emittance  for  the  electron  beam  from  the  linac  is  e  (1 .5  GeV, 
80%)  =  0. 136  pi*mm*mrad  and  the  energy  spread  is  dp/p  (1.5 
GeV,68%)  =  0.735%  (4).  This  means  that  the  cross  section  of  the 
beam  in  the  transfer  line  is  mainly  given  by  the  energy  spread, 
hence,  the  deflection  of  the  beam  at  the  different  points  of  the 
transfer  line  has  to  be  performed  with  achromatic  arcs.  This  has 
to  be  underlined  if  a  conversation  to  positrons  takes  place, 
because  the  emittance  and  the  energy  spread  increase  to  e  (1..S 
GeV,  80%)  =  2.6  pi*mm*mrad  and  dp/p  (1.5  GeV,  95%)  =  1,95 
%[5]. 


According  to  the  design  requirements  [2],  [3],  the  structure  of  the 

transfer  line  (see  figure  1)  consists  of  4  parts: 

1)  the  linac  section  between  the  end  of  the  linac  and  the  point 
A,  where  a  horizontal  deflection  of  2p  has  to  be  taken  to 
bend  the  beam  to  the  inner  side  of  the  storage  ring  from 
which  the  injection  takes  place. 

2)  the  horizontal  section  between  the  points  A  and  B,  with  a 
horizontal  deflection  angle  p  at  point  B  to  deflect  the  beam 
to  the  storage  ring  direction. 

3)  the  vertical  section  between  the  points  B  and  C  where  the 
vertical  deflection  at  the  points  V  and  W  with  a  deflection 
angle  p  and  -p  is  performed  in  order  to  translate  the  beam 
to  the  level  and  the  neighbourhood  of  the  storage  ring 
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4)  the  injection  section  between  point  C  and  injection  point  I 
with  a  deflection  angle  p  at  point  C. 


II.  MAGNETIC  STRUCTURE  OF  TRANSFER  LINE 

The  magnetic  structures  at  points  A  and  B  are  given  by  the  requi¬ 
rement  of  an  achromatic  arc,  which  consists  of  two  bending 
magnets  (angle  p)  with  a  quadruple  in  between.  For  the  mat¬ 
ching  of  the  beta-functions,  4  quadrupoles  are  needed  between 
the  achromatic  arc  at  point  A  and  the  2  GeV-linac  .  In  order  to 
get  small  physical  dimensions  of  the  magnets,  it  was  choosen  to 
have  a  high  magnetic  induction  (1.5  T)  within  the  bending 
magnet  and  a  maximum  gradient  of  22  T/m  within  the  quadrupo- 


The  distance  between  the  points  A  and  B  in  the  horizontal  secti¬ 
on  is  roughly  40  m.  With  the  conditions  at  the  end  and  the 
beginning  of  the  arcs,  one  has  to  perform  between  both  points  a 
1:1  image  because  in  the  vertical  and  horizontal  direction  the 
same  beta  functions  exist.  The  matching  can  be  done  with  a 
triplet-,  doublet-  or  FODO-structure  [2].  The  FODO-structure 
has  the  advantage  of  having  the  smallest  number  of  quadrupoles, 
the  lowest  gradients  and  the  fact  that  both  quadrupoles  are  iden¬ 
tical.  The  matching  to  the  adjacent  achromatic  arcs  at  points  A 
and  B  can  be  done  with  two  quadrupoles  of  opposite  sign  but 
with  the  same  excitation.  Consequently,  for  powering  the  qua¬ 
drupoles  between  the  points  A  and  B,  only  two  power  supplies 
are  needed.  To  get  a  higher  degree  of  flexibility  three  have  been 
taken. 

To  bridge  the  space  of  roughly  33  meters  between  the  1.5  GeV 
linac  and  the  achromatic  arc  at  point  A  in  the  linac-section,  the 
wme  FODO-structure  is  used  as  in  the  horizontal  one.  Hence, 
identical  cells  can  be  used  at  each  side  of  point  A.  This  means 
that  most  of  the  quadrupoles  will  have  the  same  excitation  and 
only  two  power  supplies  are  necessary  to  power  them.  This 
should  be  very  helpful  during  commissioning. 

The  vertical  section  has  the  task  to  translate  the  beam  height 
to  the  storage  ring  level.  An  achromatic  arc  for  this  purpose 
is  built  up  of  two  magnets,  with  a  deflection  angle  p  each,  one  to 
bring  the  beam  up,  the  other  to  bend  the  beam  to  the  storage  ring 
level.  In  such  a  structure,  one  needs  at  least  two  quadrupoles 
between  the  bending  magnets  to  obtain  an  achromatic  arc  [4]. 
For  matching  reasons  and  in  order  to  get  a  good  flexibility,  a 
quadrupole  in  the  middle  of  the  arc  has  to  be  added.  This  qua- 
drupole  affects  only  the  beta  functions  but  not  the  dispersion 
function. 


To  decrease  the  contribution  of  the  energy  spread  to  the  beam 
size,  the  dispersion  function  has  to  be  as  small  as  possible.  On 
the  other  hand,  for  matching  reasons,  the  beta  functions  in  the 
vertical  and  horizontal  plane  should  not  exceed  25  m/rad  at  the 
ends  of  the  arcs  and  the  difference  between  both  should  be  as 
large  as  possible.  These  requirements  can  only  be  met  by  using 
five  quadrupoles  within  the  vertical  section.  These  5  quadrupoles 
are  powered  by  three  power  supplies  because  of  the  symmetry 
about  the  midplane. 

To  make  a  dispersion  free  injection,  an  achromatic  arc  between 
the  last  bending  magnet  (point  C)  and  the  injection  point  I  has  to 
be  build  UD.  too.  For  the  long  distance  between  the  bending 


887 


magnet  at  point  C  and  the  injection  septum,  three  quadrupoles 
are  needed.  At  the  end  of  the  transfer  line,  a  matching  of  the  beta 
functions  has  to  be  performed  to  the  values  of  the  storage  ring  at 
the  injection  point  In  order  to  get  a  smaller  bump  of  the  kickers, 
it  might  be  worthwhile  making  a  matching  to  bx  =  4  m  [1]. 
Furthermore,  the  injection  efficiency  is  also  a  function  of  the 
injected  beam  aze  and,  therefore,  the  injection  section  of  the 
transfer  line  must  have  a  high  degree  of  flexibility.  Thus,  it 
should  be  posable  to  match  the  phase  space  of  the  injected  beam 
in  the  X-  and  y-direction  to  beta  values  between  2  m/rad  and  10 
m/rad.  To  get  this  high  flexibility,  one  needs  at  least  three  ^uads 
between  the  vertical  section  and  ^e  bending  magnet  at  point  C 
and  three  more  quadrupoles  between  C  and  injection  point  I. 

The  structure  of  the  transfer  line  is  given  in  figure  1 .  Considering 
together  all  the  bending  magnets,  a  total  deflection  of  180  degree 
could  be  performed  and  with  30  quadrupoles  the  transfer  line  has 
twice  as  many  quadrupoles  as  in  the  designed  booster  synchro¬ 
tron  [1]. 


in.  LATTICE  FUNCTIONS  AND  BEAM  SIZES 

The  lattice  functions  of  the  whole  "ELETTRA  Linac  to  Storage 
Ring  Transfer  Line"  are  given  in  figure  2.  The  beam  sizes  for  a 

l. S  GeV  electron  and  positron  beam  (95  %  of  particles)  are  given 
in  figure  3  and  4.  The  largest  beta  functions  in  the  transfer  line 
are  3S  to  45  m/rad;  these  are  relatively  small  values  for  a  transfer 
line  and,  therefore,  gradient  errors  in  the  quads  don't  affect  the 
beam  sizes  ven  much.  The  dispersion  functions  rise  in  the  arc  at 
points  A  and  C  as  well  as  in  the  vertical  section  to  values  of  0.8 

m. 

These  large  values,  in  combination  with  the  energy  spread,  lead 
to  the  prominent  peaks  of  the  beam  envelopes  in  the  transfer 
line:  in  die  middle  of  the  achromatic  arc  at  point  A,  in  the  verti¬ 
cal  section  at  the  positions  of  the  ouadrupoles  and  in  the  injection 
section  at  the  position  of  the  quacirupole  again.  According  to  the 
particles,  there  exist  beam  sizes  of  13  to  19  mm  at  these  points. 

In  the  other  parts  of  the  transfer  line,  the  beam  sizes  are  roughiv 
2  mm  (electrons)  and  7-10  mm  (positrons).  In  accordance  with 
these  values,  an  dliptical  aperture  (20mm  *  30mm)  at  the  disper¬ 
sion  region  was  chosen  and  a  round  aperture  of  20  mm  in  the 
dispersion  free  regions.  With  these  nurtures,  and  taking  into 
account  misalignement  errors,  it  should  be  possible  to  get  an 
overall  efficiency  of  95%  within  the  transfer  line. 
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Figure  1:  Magnetic  structure  of  the  ELETTRA  Linac  to 
Storage  Ring  Transfer  Line. 


Figure  2:  Lattice  functions  within  the  ELETTRA  Linac  to 
Storage  Ring  Transfer  Line. 


Figure  3:  Bram  sizes  within  the  ELETTRA  Linac  to  Storage 

Ring  Transfer  Line  for  a  1.5  GeV  bwm  and  including 
95%  of  particles  (3a:  electrons,  3b:  positrons). 
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Abstract 

Development  and  operation  of  the  research  detectors  at 
the  Super  Collider  will  require  extensive  testing  and 
calibration.  This  will  be  done  by  exposing  the  detector 
elements  to  controlled  sources  of  particles  similar  to  those 
which  will  be  encountered  when  the  experiments  are  tak^ig 
data.  The  SSC  Lab  is  designing  a  test  beam  facility  to  meet  the 
needs  of  the  proposed  experiments  using  beam  extracted  from 
one  or  more  of  the  booster  accelerators  in  the  SSC  complex.  In 
this  report  we  describe  the  beam  requirements  and  the 
transpo^  targeting,  and  civil  systems  needed  to  provide  them. 

I.  INTRODUCTION 

Development  and  operation  of  the  lesearch  detectors  at 
the  Super  Collider  will  require  extensive  testing  and  on  site 
calibration  possibilities  over  a  wide  energy  range.  Todays 
precision  measurments  of  jets  as  well  as  single  particles 
dictates  calibration  from  as  low  as  1  GeV/c^  up  to  the 
highest  possible  energies.  Such  a  dynamic  range  can  not  be 
covered  by  a  single  test  beam.  The  arrangement  of  the 
Medium  Energy  Booster  (MEB)  and  the  High  Energy 
Booster  (HEB)  of  the  accelerator  complex  of  the  SSC 
provides  a  possibility  to  extract  two  primary  beams  of  200 
GeV/c  and  2  TeV,  respectively,  and  to  bring  them  to  a 
common  switchyard  as  shown  in  Fig.  1.  For  financial 


Distinct  in  reet 
Fig.  1  Elevation  View 


reasons  the  2  TeV  beam  will  be  constructed  later  since  it 
requires  an  approximately  8000'  tunnel  to  bring  it  to  the 
location  of  the  MEB  closer  to  the  surface,  not  to  speak  of 
the  many  addidonal  benders  and  quadrupoles .  For  the  same 
reason  we  would  build  only  three  of  the  six  forseen  200 
GeV  beams  in  a  first  phase,  see  Fig.  2.  Here  we  present  a 
sUidy  of  a  possible  minimal  switchyard  for  three  200  GeV 
test  beams  which  has  the  potential  of  accomodating  a 
future  2  TeV  beam.  This  layout  deviates  from  earlier 
scenarios  as  e.g.  described  in  [1,2].  This  design  however 
gives  us  a  measure  of  our  flexibility  in  test  beam 


Calibration 


Fig.  2  Test  Beam  Footprint 


geometry.  The  footprint  is  so  that  it  may  be  "duplicated" 
across  the  indicate  (dashed)  symmetry  line  in  Fig.  2 
resulting  in  a  total  of  six  200  GeV  beams  ond  two  2  TeV 
beams.  Dropping  one  of  the  planned  three  2  TeV  beams  as 
in  [1,2]  reduces  the  lateral  dimensions  of  the  calibration 
hall  and  results  in  major  savings  of  civil  construction 
costs.  The  2  TeV  beams  would  lie  on  top  of  the  middle 
200  GeV  secondary  beams  providing  the  bigger  separation 
of  the  test  stations  to  cope  with  the  wider  muon  cone.  The 
presented  footprint  and  layout  is  only  one  of  several  studied 
scenarios  based  on  the  accelerator  layout  known  at  that 
time.  The  actual  layout  will  emerge  as  soon  as  the 
accelerator  elevations  and  locations  will  be  frozen. 

II.  LAYOUT 


♦Operated  by  Universities  Research  Association  under 
conuract  with  the  U.S.  Department  of  Energy. 


Early  in  the  design  it  became  apparent  that  the  main 
cost  driver  is  real  estate.  We  therefore  tried  to  minimize  the 
required  footage  of  beamline  rather  than  the  number  of 
components  like  benders  and  septa.  The  presented 
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switchyard  is,  however,  not  the  shortest  possible  one  for 
200  GeV,  but  the  shortest  one  which  allows  for  a  2  TeV 
upgrade.  A  detailed  analysis  of  the  civil  construction 
requirements  however  dictated  a  stretch  of  the  primary 
beamline  in  order  to  put  the  calibration  hail  as  well  as  ‘'.2 
target  hail  at  locations  minimizing  the  large  excavations. 
This  layout  also  optimizes  the  part  of  the  switchyard  which 
can  be  constructed  by  cut  and  cover  rather  than  by 
expensive  tunneling. 

The  muon  shielding  requires  a  certain  minimal 
distance  of  the  calibration  hall  from  the  target  CASIM  [3] 
simulations  indicate  1700'  for  the  200  GeV  beam  and  2700' 
for  the  2  TeV  beam  in  order  to  have  a  maximum  muon 
flux  of  ISO  kHz/m^  as  requested  by  the  experimental 
community.  The  target  hall  however  represents  an 
impoitani  cost  driver  and  we  studied  a  possible  scenario 
wiUi  a  common  target  hall  (dubbed  "CT"  in  Fig.  2).  This 
represents  a  compromise  between  particle  yield  at  low 
energy  and  increased  muon  background  for  the  2  TeV 
running. 

The  above  mentioned  muon  background  also  drives 
the  distance  between  the  individual  calibation  bays  in  the 
calibration  hall.  For  200  GeV  this  distance  becomes 
smaller  than  what  is  required  by  purely  mechanical  and 
practical  requirements  (approx.  30').  The  dimensions  of  the 
calibration  hall  have  a  great  influence  on  the  overall  costs. 
We  therefore  decided  to  restrict  the  number  of  2  TeV  beams 
to  a  maximum  of  two,  one  at  "B"  and  "E"  (sec  Fig.  2) 
re^wctively  (The  muon  <  ne  for  2  TeV  is  much  wider). 

Cate  was  taken  during  the  design  of  Lha  footprint  to 
group  as  many  beam  elements  as  possible  in  order  to 
minimize  the  number  of  magnet  enclosures  ?ad  to  shorten 
cable  runs. 

Potential  fire  hazard  and  serviceability  of  the  power 
supplies  requires  them  to  be  located  above  ground,  rather 
thim  in  the  tunnel.  To  distfibute  the  power,  as  well  as 
cooling  water  to  the  magnets,  a  number  of  utility  shafts  of 
S'  diameter  is  foreseen  along  the  tunnel. 

The  split  ratio  is  adjusted  by  physically  moving  the 
septa  bank  through  the  beam.  The  ratio  is  given  by  the 
relative  amount  of  beam  that  lies  to  either  side  of  the 
wires.  The  septa  run  at  45  kV/cm,  some  90%  of  their 
maximum  field,  to  allow  trouble  free  operation.  Care  has 
to  be  taken  in  the  design  of  the  beam  optics  so  that  the 
beam  is  wide  at  the  location  Oi  the  septa.  This  prevents 
damaging  of  the  wires,  reduces  sci  tering  and  facilitates  the 
adjustment  of  the  splitting  ratio. 

Tne  beam  transport  is  done  with  quadrupole  doublets. 
Twelve  quads  are  ne^cd  to  uansport  the  3  b^is  and  take 
care  of  constraints  like  magnet  apertures  and  beam  size  at 
the  septa.  No  quads  are  placed  downstream  of  the  spliuing 
station.  This  would  lefocus  the  beam  and  therefore  cancel 
the  (small)  separation. 

Fig.  3  shows  the  beam  envelope. 


m.  SECONDARY  BEAMS 

A  wide  band  beam  tqiproach  has  been  chosen.  Such  a 
beam  at  Fermilab  [4]  has  an  excellent  electron  yield  as  well 
as  a  high  hadron  flux. 


Fig  3  Switchyard  Beam  Envelope  for  200  GeV/c 
Beam  r3  Sigma) 


A  triolet  system  a  a  flux  gathering  system  ISO' 
downstream  the  target.  It  provides  a  point  to  parallel 
imaging.  The  same  enclosure  contains  the  first  dipole  of 
the  double  ^  '  .eg  system  which  provides  muon  shielding 
from  the  proouv  .  on  target.  A  bend  angle  of  6  mr  allows  for 
reasonable  re?*!  .  .."e  and  and  for  good  momentum 
measuremenL 

Exactly  halfway  between  the  target  and  the  calibration 
hall  arc  the  next  two  magnets  of  the  dogleg  suucture.  The 
momentum  bite  and  beam  intensity  may  be  varied  with  a 
variable  apemire  collimator  siuing  in  the  same  enclosure. 

An  enclosure  in  front  of  the  calibration  hall  contains 
the  last  dog  leg  magnet  and  a  triplet  focusing  the  beam  on 
the  experimental  target. 

The  beam  is  never  momentum  dispersed  when  it 
passes  through  a  triplet  and  has,  therefore,  a  large 
acceptance  of  about  6  pisr%. 

All  of  the  secondary  vacuum  pipe  between  the 
enclosures  is- direct  buried  stainless  <!itccl  pipe  of  16" 
diameter. 


IV.  YIELDS  AND  BACKGROUND 

Particle  yields  were  determined  using  parametrizations 
of  Atherton  et  al.  [6]  and  taking  into  accoi  nt  the  beamline 
efficiency  by  using  DECAY  TURTLE  [SJ.  Fig.  4  shows 
expecu^d  pion  rates  for  lEl  1  incident  protons  assuming  a  1 
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interaction  length  Be  target.  The  required  rates  are  easily 
reached  for  most  of  the  momenta  except  for  the  lowest  ones 
where  decay  in  the  secondary  beam  line  introduces  a 
cutoff.Below  3  GeV/c.  it  is  difficult  to  achieve  rates  of  100 
Hz. 

The  muon  contamination  of  the  pion  beam  is  in  the 
order  of  2-3  %  over  most  of  the  momentum  range. 


Mofflantum  (Q«V/e) 

Fig.  4  Pion  Raw  as  a  Fuv/ction  of  Secondary  Momentum, 
assuming  10"  Primary  Protons/sec 

Electron  yields,  see  'Fij^  S.  fall  sharply  for  higher 
momenta.  For  a  primary  momentum  of  200  GcV/c  the  rate 
drops  below  lOOHz  above  ISO  GcV/c.  Should  the  primary 
momentum  be  reduced  to  eg.  180  GeV/c  the  rate  at  ISO 
GeV  would  drop  to  a  couple  of  Hz.  This  shows  the 
importance  of  preserving  the  possibility  of  ramping  the 
primary  beam  to  200  Ge  V/c. 


Momannim  (QaV/c) 

Fig.  5  Electron  Rate  for  200  GeV/c  Protons  assuming  10" 
Primary  Protons/sec 


The  muon  background  t,sce  Fig.  6)  was  simulated 
using  CASIM.  For  the  200  GeV  beam  the  shielding  is 


sufHcient  to  yield  approximately  lO'^  Hz/m^.  For  the  2 
TeV  beam  with  a  common  target  hall  the  shortened 
secondary  beamline  results  in  a  flux  of  over  ISO  kHz/m^. 
The  results  shown  are  for  the  sweeping  plane  which 
explains  the  dip  in  the  curves. 


X  (fMt) 

Fig.  6  Muon  Flux  Density  at  1600'  from  the  Target  for  10" 
Protons/sec 
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Abstract 

The  results  of  the  upgrade  to  the  7S0-keV  transport  at 
LAMPF  are  reported.  The  transport  takes  the  beam  from  the 
exit  of  the  7S0-kV  column  to  the  entrance  of  the  201-MHz 
drift  tube  linac.  Components  of  the  transport  are  used  to  bunch 
the  beam,  to  match  the  beam  to  the  linac.  and  to  adjust  the 
peak  current  of  the  beam.  The  transport  is  a  critical  section  of 
LAMPF’s  accelerator  system;  a  properly  tuned  and  stable 
beam  significantly  reduces  high*energy  losses  in  the 
accelerator.  The  traiisport  was  upgraded  to  decrease  the 
emittance  growth  of  the  beam,  to  facilitate  tuning,  and  to 
eliminate  the  time-dependent  transients  associated  with  space- 
charge  neutralization  of  the  beam.  The  new  transport  was 
installed  and  used  for  beam  operations  in  1990.  The  upgrade 
design  goals  were  successfully  achieved.  The  unnormalized 
emittance  for  9S%  of  the  beam  was  .neasured  at  0.8  n  cm- 
mrad  compafsd  With  1.2  n  cm-mrad  in  the  previous  transport. 

I.  INTRODUCTION 

At  LAMPF  there  are  three  7S0-keV  transports,  one  for  each  of 
the  three  types  of  beams,  H’,  and  P*  (polarized  protons). 
These  beams  are  transported  from  the  sources  and  750-kV 
acceleration  columns,  bunched,  merged  into  one  beam  line, 
and  matched  into  the  201-MHz  side-coupled  linac.  This  paper 
describes  the  successful  upgrade  of  the  H'*'  transport. 
Approximately  30  mA  (peak)  of  H'*’  beam  from  a  duo- 
plasmauon  ion  source  and  7S0-kV  CW  is  injected  into  the 
transport.  About  5  mA  of  H2'*'  and  other  contaminants  are 
also  present.  The  peak  current  injected  into  the  linac  is 
adjusted  with  jaws  to  be  between  14  and  24  mA.  In  the  fust  rf 
module,  70%  of  the  beam  is  captured  in  the  longitudinal 
bucket  and  better  than  99.9%  of  the  captured  beam  is 
accelerated  through  the  rest  of  the  linac  to  800  MeV.  A  good 
transport  tune  is  needed  to  achieve  the  high  transmission 
which  is  necessary  to  limit  the  activation  of  the  linac. 

Several  features  of  the  transport  design  help  in  Ijpiit  the 
growth  of  transverse  tails  and  subsequent  beam  losses.  Dcsfgm 
requirements  include  magnets  with  small  higher-order  field 


harmonics,  a  transport  tune  for  uniform  beam  size,  and  a  good 
match  to  the  linac.  Also,  the  beam  size  needs  to  be  kept 
constant  in  time  throughout  the  1  millisecond  beam  pulse, 
otherwise  there  will  be  an  effective  emittance  growth.  The  new 
transport  addresses  these  considerations. 

II.  DETAILS  OF  New  Transport 

Design  Methods 

The  upgraded  transport  design  is  based  on  measurements 
of  the  beam  in  the  previous  H'*’  transport  and  the  recent 
upgrade  of  the  7S0-keV  H*  transport  [1].  The  transverse  phase 
space  distribution  of  the  beam  was  measured  at  three  locations 
along  the  transport  using  a  slit  and  multi-wire  harp.  Given 
this  input  beam,  the  match  to  the  linac  at  the  output  of  the 
transport,  and  intermediate  constraints  on  the  beam,  all  the 
necessary  information  was  available  to  design  the  new 
transport 

The  code  TRACE  was  used  for  first-order  modeling  of  the 
new  transport.  The  integrating  code  SCHAR  [3,4]  was  then 
used  to  model  the  beam  to  all  orders  for  selected  cases.  The 
SCHAR  studies  showed  that  quadrupoles  introduced  fewer 
aberrations  than  solenoids  in  the  first  section  of  transport,  and 
therefore  quadrupoles  were  used.  SCHAR  also  showed  that 
unacceptably  large  transverse  tails  would  not  be  introduced  by 
the  new  transport. 

One  point  of  uncertainty  in  the  design  model  was  space- 
charge  neutralization.  Space-charge  neutralization  is  believed 
to  occur  in  regions  of  the  LAMPF  transport  and  it  is  suspected 
to  be  the  cause  of  observed  time-dependent  behavior  of  the 
beam  [S].  The  problem  is  that  the  degree  of  neutralization  and 
the  region  of  the  transport  that  is  neutralized  are  not  well 
known.  Moreover,  it  is  not  clear  how  measurements  of  the 
beam  affect  neutralization.  To  overcome  these  uncertainties, 
the  transport  was  designed  to  tune  beams  with  space  charge 
between  the  two  extremes  of  completely  neaualized  and 
unneutralized  beam. 
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Transport  Configuration 


deflector  are  used  to  set  the  beam  current  and  eliminate 
unwanted  tails. 


The  basic  layout  of  the  new  transport  is  shown  in  Fig.  1. 
There  are  three  beam  diagnostic  measurement  stations: 
TAEMl  after  the  750-kV  column,  TAME2  after  the  pre- 
buncher,  and  TDEMl  at  the  end  of  the  transport  before 
injection  into  the  linac.  There  are  two  bends,  an  81-degree 
bend  and  a  9-degree  bend.  The  81-dv^.ee  bend  has  large 
dispersion  but  the  energy  spread  is  small,  on  the  order  of 
500  eV.  The  energy  spread  becomes  large,  on  the  order  of 
several  keV,  after  the  pre-buncher,  but  the  following  bend  is 
small,  only  9  degrees. 


Fig.  1.  Basic  layout  of  the  new  H'*’  transport.  Also  shown  are 
inputs  representing  the  two  negative  beams,  H'  and  P*.  The 
devices  labeled  with  “EM”  are  slit  and  multi-wire  harp  beam 
diagnostic  devices  (e.g.,  TAEMl). 

The  quadrupoles  are  configured  for  the  tune  shown  in 
Fig.  2.  The  tune  attempts  to  minimize  the  peak-to-valley 
ratio  of  the  beam  radius.  The  previous  transport  tune  had  a 
very  small  waist  in  the  region  of  TAEMl  that  led  to  an 
emittance  growth  by  a  factor  of  about  1.5. 

An  important  feature  is  the  deflector,  located  near  the  center 
of  the  transport.  The  deflector  is  used  to  control  beam 
injection  into  the  linac.  Jaws  and  apertures  upstream  of  the 


m.  Advantages  of  the  New  transport 
Reduced  Emittance 

The  new  transport  provides  a  brighter  beam  with  fewer 
tails  so  beam  losses  at  higher  energies  are  easier  to  control  and 
higher  peak-current  beams  can  be  run.  Several  factors 
contribute  to  the  increased  brightness.  One  improvement  is  the 
redesigned  750-kV  column  and  the  new  quadrupole  triplet  at 
the  exit  of  the  column.  The  beam  out  of  the  previous  750-kV 
column  was  large  and  divergent.  The  large  beam  at  the  exit  of 
the  column  was  focused  in  the  previous  transport  to  a  very 
small  waist  that  resulted  in  large  tails  and  emittance  growth 
for  the  space-charge  dominated  beam.  The  design  of  the  new 
transport  addresses  this  problem  by  shortening  the  750-kV 
accelerating  column  and  by  using  a  set  of  short,  strong  field 
quadrupoles  that  fit  as  close  by  to  the  exit  of  the  column  as 
possible. 

In  the  previous  transport,  the  beam  was  turned  on  into  the 
linac  at  the  same  time  the  source  was  turned  on.  Not  only  was 
a  source  tum-on  transient  observed,  but  the  beam  tune  in  the 
transport  took  about  100  its  to  stabilize  as  neutralization 
occuned  in  the  upstream  section  of  the  transport;  some  linac 
losses  were  associated  with  these  transients.  The  time- 
dependent  transient  problem  was  solved  by  turning  the  source 
on  first  and  allowing  the  beam  to  stabilize  in  the  transport, 
and  then  turning  the  beam  on  into  the  linac  with  the 
deflector  [6]. 

Nonlinear  forces  due  to  higher-order  fields  in  transport 
magnets  lead  to  tails  and  effective  emittance  growth.  The 
quadrupole  magnets  were  designed  to  keep  the  higher-order 
harmonics  small  in  the  region  of  the  beam.  Efforts  were  made 
to  keep  the  harmonic  amplitudes  in  the  quadrupoles  below 
0.1%  for  the  n=3, 4,  and  5  harmonics,  below  0.3%  for  the  n=6 
harmonic,  and  below  0.6%  for  the  n=8  and  higher  harmonics. 


1.27 


0.00  ™0Qfl® — I — flosy  — IBqq&ESSS  ES1BBQ& — 

kj  ' 


TAEMl 


81*  Bend 


Pre-Buncher 


TAEM2 


TDEMl 


Deflector 


9*  Bend 

M^  Buncher 

Fig.  2.  The  horizontal  and  vertical  extent  for  95%  of  the  beam  is  shown  for  the  new  transport.  Critical  facets  of  the  tune  are  the 
0.45-cm  waist  at  the  pre-buncher,  the  relatively  small  peak-to-valley  ratio  of  the  beam  envelope  though  the  transport,  and  the 
match  of  the  beam  to  the  linac  at  the  end  of  the  transport 
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These  amplitudes  are  expressed  as  a  percent  of  the 
quadrupole  amplitude  at  a  radius  of  2.S  cm.  For  the  newly 
designed,  short,  strong-field  quadrupoles,  pole  faces  were 
shaped  to  reduce  the  n=6  term  to  0.7%  at  2.5  cm  radius. 

The  present  beam  has  fewer  tails  and  smaller  emittance 
when  compared  with  the  previous  transport.  With  the  previous 
transport,  the  unnormalized  transverse  emittance  of  95%  of  the 
beam  was  approximately  1.2  rt  cm-mrad.  The  beam  from  the 
new  transport  has  an  emittance  of  0.8  n  cm-mrad  and  the 
time-averaged  emittance  was  further  reduced  by  eliminating  the 
time-dependent  tum-on  transient.  The  general  tune  of  the  linac 
and  the  beam  losses  have  qualitatively  improved  with  this 
improved  beam. 

Transport  Operation 

The  new  design  was  intended  to  make  the  transport  easier 
to  tune.  This  was  accomplished  by  {xoviding  an  additional  slit 
and  multi-wire  diagnostic  monitor  at  the  front  of  the  transport, 
by  carefully  measuring  the  relation  between  current  and  field 
for  all  quadrupoles,  by  using  quadruplet  assemblies  in  place  of 
triplets,  and  ensuring  that  there  were  “orthogonal”  pairs  of 
steering  magnets  for  steering  angle  and  position  at  each 
diagnostic  station.  The  new  slit  and  multi-wired  diagnostic 
station  is  much  closer  to  the  first  set  of  quadrupoles;  this 
makes  tuning  these  elements  simpler.  Using  a  quadruplet 
simplifies  the  matching  problem  with  four  variables  (the 
quadrupole  fields)  for  the  four  conditions  (matching  the 
transverse  Twiss  parameters).  In  order  to  minimize  the 
correction  steering  needed,  pairs  of  steering  magnets  were 
placed  such  that  the  steering  at  a  diagnostic  station  was  as 
independent  as  possible  in  position-angle  space.  This  also 
makes  the  steering  problem  easier  to  solve.  Even  with 
orthogonal  steering,  precise  alignment  is  important  in  the 
transport.  Steering  is  only  used  for  small  corrections. 

Another  detail  of  tuning  at  LAMPF  is  the  interactive  use 
of  the  code  TRACE.  For  this  model  to  be  usable,  it  is 
important  to  use  accurate  first-order  approximations.  These 
approximations  are  based  on  magnet  measurements. 
Quadrupoles  were  measured  with  rotating  coils  [7]  and  bending 
magnets  were  mapped  with  Hall-probe  scans  [8]. 

Once  a  tune  is  established  for  a  particular  source  and 
current  into  the  accelerator  it  must  be  reliably  maintained. 
Typically  this  can  be  done  by  maintaining  bending-iriagnet 
cunents  to  0.01%,  quadrupole  currents  to  0.1%,  and  steering 
magnet  currents  to  1%.  After  a  power  failure,  it  is  necessary  to 
return  the  magnetic  fields  to  within  these  tolerances.  This  was 
accomplished  in  the  new  transport  by  the  addition  of  a 
multiplexed  NMR  system  for  the  bending  magnets  and  by 
development  of  a  cycling  procedure  for  the  quadrupoles. 

IV.  FUTURE  ENHANCEMENTS 

Though  the  new  H"^  transport  has  been  run  and  is 
operating  well,  additional  work  remains  to  be  don?.  The 
transport  alignment  work  is  being  completed.  The  last  set  of 
quadrupoles  common  to  all  three  transports  has  been  measured. 


Measurements  indicated  much  higher  than  expected 
components  of  n=3  at  0.4%  of  the  quadrupole  amplitude  and 
n=6  at  3.0%  of  the  quadrupole  amplitude  at  2.5  cm  radius. 
Tracking  studies  indicated  that  these  harmonics  lead  to 
significant  aberrations.  New  quadrupoles  of  the  standard  design 
are  being  installed.  Other  work  consists  of  studies  to  reduce 
column  arc-downs  in  the  750-kV  column. 

Another  component  in  the  design  stage  is  an  intensity 
modulator.  Beam  duty  factor  could  be  increased  to  the  H'*' 
users  if  an  intensity  modulator  were  added  to  the  transport. 
This  device  would  change  the  peak  intensity  in  10-20  jts  with 
minimal  change  to  the  beam  tune  or  steering.  The  physics 
design  for  this  device  is  complete  and  is  undergoing 
engineering  review. 

V.  Conclusion 

The  design  goals  of  the  new  H'*’  transport  have  been  met. 
The  emittance  and  tails  of  the  beam  are  reduced.  The  transport 
is  easier  to  tune  and  is  more  reliable  to  operate. 
Standardization  has  made  the  transport  easier  to  operate.  The 
troublesome  time-dependence  has  teen  eliminated  by  turning 
the  team  on  with  a  deflector  downstream  of  the  region  where 
the  team  is  neutralized. 

Further  improvements  will  be  achieved  by  replacement  of 
older  style  quadrupoles,  by  alignment  of  the  transport,  and 
possibly  by  further  redesign  of  the  750-kV  column.  Higher 
duty  factor  could  be  delivered  to  the  experimenters  by 
installing  an  intensity  modulator,  the  design  of  which  is 
currently  under  review. 
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INTRODUCTION 

The  1.5  GeV(proton)  Booster  Synchrotron  near- 
mg  completion  at  the  AGS  will  get  its  200  MeV  beam  from 
the  linac,  via  a  34.9  m  long  linac-to-Booster  transport  line, 
LTB.  LTB  branches  off  from  the  existing  linac-to-AGS 
transport  line,  HEBT,  approximately  18.4  m  downstream 
from  the  linac.  A  schematic  layout  of  LTB  is  shown  in 
the  bottom  part  of  Fig.  1.  The  four  dipoles,  DH2  through 
DHS,  which  are  identical  and  are  operated  in  series, 
provide  a  126“  bend  in  the  line. 

We  have  employed  three  strategies  for  imple¬ 
menting  control  of  the  trajectory,  namely:  (1)  a  global 
correction  (2)  a  local  correction  (3)  a  zeroing  correction. 
These,  as  well  as  their  implementation,  will  be  discussed. 
Operating  experience  obtained  from  early  commissioning 
runs  will  be  given. 

The  hardware  used  to  implement  the  correction 
schemes  are  the  beam  position  monitors,  BPMxxx,  orbit 
correctors,  DHxxx  and  DVxxx,  and  multiwire  profile 
monitors,  MWxxx.  The  quads  are  QHxxx  and  QVxxx. 

THEORY 

Global  Orbit  Correction 

The  objective  of  this  scheme  is  to  minimize,  in  a 
least  squares  sense,  the  displacements  from  the  design 
trajectory  at  the  position  monitors.  The  beam  positions  at 
the  monitors  are  read,  and  the  additional  kicks  needed  at 
the  orbit  correctors  to  give  a  least  squares  correction  of 
the  trajectory  are  found.  The  mathematical  truatmcnt[l]  is 
summarized  here: 

Let  xj(x  or  y),  i  =  1,...,  m  be  the  displacement  at 
the  ith  BPM  before  correction  and  Tj:^ :  be  the  dis¬ 
placement  of  the  trajectory  at  the  same  BPM  due  to  a  kick, 
6  j,  by  corrector  j,  j  =  1,...,  n. 

r  J  sin(0j Si  ^  Sj 
Tij=  (1) 

I  0,  sj^Sj 

where  s  is  distance  along  the  line,  a  Twiss  function  and 

*  Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 

0-7803-0135-8/91$01.00  ©IEEE 


<l>  the  phase  advance.  Defining  a  norm 

S-2:iZj(Xi  +  Tijflp2  (2) 

then  the  kicks,  dj,  which  minimize  the  orbit  displacements 
are  found  by  solving  the  system  of  equations: 

as/a0j  =  o  (3) 

with  the  help  of  the  Householder  transformation.[2] 

This  correction  may  be  done  on  any  section  of  the 
line,  provided  it  has  enough  correctors  and  monitors. 

Local  Orbit  Correction 

The  purpose  of  this  correction  scheme  is  to  find 
the  condition  for  the  beam  to  pass  through  the  center  of 
a  quad,  making  use  of  the  fact  that  such  a  beam  suffers  no 
deviation.  The  scheme  requires  a  corrector  upstream  of 
the  quad,  and  a  position  monitor  downstream.  We  obtain 
the  beam  positions  for  the  normal  excitation  current  of  the 
quad,  and  for  two  other  currents,  one  higher  and  one 
lower.  The  slope  of  the  curve  drawn  through  these  points, 
in  a  graph  of  position  versus  quad  current,  measures  the 
deviation  due  to  the  quad.  Changing  the  current  in  the 
corrector  by  a  small  amount  and  repeating  the  measure¬ 
ments  give  data  for  a  second  line  on  the  graph.  From  the 
corrector  current  change  and  the  change  in  slopes  of  the 
curves,  the  current  needed  to  give  a  line  of  zero  slope  (no 
deviation)  is  found. 

Zeroing 

Sometimes,  it  is  desirable  to  have  the  beam  para¬ 
llel  and  on  axis  at  the  end  of  the  line  segment  which  has 
been  globally  corrected.  The  zeroing  algorithm  provides  a 
way  to  do  this.  After  the  global  correction  has  been  ex¬ 
ecuted,  the  last  two  position  monitors  in  the  line  segment 
are  read,  and  the  additional  kicks  in  two  correctors  up¬ 
stream  of  them,  necessary  to  bring  the  beam  on  axis,  are 
calculated.  Zeroing  can  be  used  even  if  the  global  cor¬ 
rection  was  not  executed. 

If  x^.j  and  x^d  are  the  orbit  displacements  at 
the  (m-l)th  and  mth  BPM’s,  the  kicks,  d  jj.j  and  $  ,j,  in  the 
last  two  correctors  are  given  by: 

8  =  -T'^X  (4) 
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where  T  is  the  response  matrbc  deHned  in  Eq.  (1).  With 
small  variations,  the  zeroing  algorithm  also  allows  one  to 
bring  the  beam  to  a  given  non-zero  displacement  and 
angle  at  a  chosen  point  along  the  line. 

The  data  required  in  Eq.  (1)  are  obtained  from 
MAD[3]  for  a  run  with  the  MAD  model  of  LTB.  MAD 
must  be  rerun  whenever  the  tune  of  the  quads  in  the  line  is 
changed. 

SIMULATION 

The  first  and  third  correction  schemes  were 
extensively  tested  in  simulations  on  the  Apollo  Domain 
network  used  to  control  the  Booster  and  its  beam  transfer 
lines.  Distorted  orbits  were  generated  by  small  random 
misalignments  of  all  the  magnets  in  the  line. 

IMPLEMENTATION 
Hardware/Software  Environment 

The  LTB  Steering  software  is  currently  being 
used  on  a  Hewlett  Packard/Apollo  4500  workstation 
running  the  Apollo  Domain  operating  system.  The  soft¬ 
ware  was  developed  using  the  C  programming  lan¬ 
guage  and  uses  the  Apollo  Dialogue  graphical  user  inter¬ 
face  (GUI).  User  interaction  is  through  a  GUI  library 
developed  in-house. 

Setpoint  selection  and  data  transmission  from 
magnets  and  instrumentation  occurs  through  a  hierar¬ 
chical  communications  pathway.  A  Device  (a  magnet,  for 
example)  transmits  its  data  (its  current  and  status)  to  a 
Controller,  which  also  collects  data  from  many  other 
Devices.  The  Controller  is  periodically  scanned  for  its 
data  by  a  Station.  The  Station  acts  as  a  final  collector  of 
data  from  its  set  of  Controllers  before  data  are  sent  across 
a  local  area  network  (LAN)  to  a  Host.  The  Host  takes  the 
data  off  the  LAN  and  sends  it  to  its  clients  (the  application 
software).  A  schematic  representation  of  the  basic  archi¬ 
tecture  is  shown  in  Fig.  3. 

Program  Flow 

On  entering  the  LTB  Steering  program,  the  user 
selects  a  correction  method  (global  or  local),  a  plane 
(horizontal  or  vertical)  and  a  section  or  set  of  sections 
within  the  LTB  line  where  the  program  wll  be  focused. 
Initial  magnet  settings  can  hic  set  through  menu  items 
within  the  program  or  through  a  companion  instrumen¬ 
tation  program.  The  user  can  also  ask  for  the  collection  of 
data  from  one  or  both  multiwire  profile  monitors  in  the 
LTB  line,  as  well  as  from  the  seven  BPMs.  The  centroids 
of  the  profiles  are  then  used  as  additional  position 
measurements  within  the  correction  algorithms. 


To  run  the  global  correction  algorithm,  the  user 
first  chooses  the  menu  item  which  collects  the  necessary 
data.  This  includes  the  current  set  of  corrector  values  and 
positions.  In  addition,  the  computer  checks  quad  settings 
and,  if  changed,  reruns  MAD  and  computes  a  new 
response  matrix,  Tjj  above.  Once  the  algorithm  is  run,  the 
program  displays  both  the  current  corrector  and  position 
values  and  the  corresponding  values  predicted  by  the 
global  algorithm.  The  user  then  has  the  option  of  sending 
these  predicted  corrector  settings  to  the  magnets  after 
which  a  new  set  of  corrector  and  position  measurements 
are  obtained  and  displayed.  The  final  display  shows 
position  and  corrector  setting  plots  using  old,  predicted 
and  new  values.  The  user  can  undo  these  new  corrector 
settings  through  a  menu  option. 

Local 

To  begin  the  local  correction  algorithm  the  user 
selects  a  corrector,  a  quadrupole,  and  a  position  monitor. 
The  user  can  then  change  the  corrector  and  quadrupole 
step  sizes,  if  desired,  from  their  default  values.  Selecting 
the  menu  item  to  run  the  local  correction  algorithm  then 
causes  the  computer  to  vary  the  quadrupole  and  corrector 
by  their  respective  step  sizes  while  collecting  a  new 
position  measurement  after  each  change.  The  results  are 
plotted  on  the  screen,  and  the  slopes  of  the  two  curves  are 
used  to  determine  the  corrector  setting  which  would  cause 
a  similar  dataset  to  have  a  zero  slope.  If  the  user  chooses 
to  use  the  newly  calculated  corrector  setting,  new  position 
measurements  for  the  entire  line  arc  collected  and 
displayed.  As  with  the  global  implementation,  the  user  can 
rollback  to  the  original  corrector  setting. 

CONCLUSIONS 

The  steering  algcrithms  applied  to  our  earlier 
tests  of  the  proton  injection  line  into  the  Booster  proved 
flexible  and  useful  to  allow  for  a  clear  transport  of  the 
beam  along  the  line.  Figures  1  and  2  show  the  results  of 
the  global  and  local  orbit  correction  in  the  LTB  line.  The 
experience  will  be  important  to  implement  similar  methods 
for  correcting  the  orbits  in  the  Booster  Synchrotron  Ring 
and  in  the  other  transfer  lines. 
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Abstract 

In  this  paper,  an  optimized  injection  line  for  PILAC  [1], 
the  proposed  Los  Alamos  Pion  Linac,  is  presented.  With 
the  other  optimized  components  (pion  source,  accelerator, 
and  high-resolution  beamline  and  spectrometer),  the  sys¬ 
tem  is  capable  of  delivering  10®  920-MeV  pions  per  second 
to  the  target. 

I.  INTRODUCTION 

The  injection  line  transports  beam  from  the  pion  source 
to  the  accelerator.  The  requirements  for  this  line  are  dis¬ 
cussed  and  its  properties  are  described.  Issues  concerning 
the  linear  transport  are  touched  upon,  but  the  emphasis  is 
on  the  tuning  process  for  the  nonlinear  elements  used  for 
aberration  correction.  The  beam-optics  code  MARYLIE 
[2]  was  used  for  all  nonlinear  optimizations  and  to  evalu¬ 
ate  the  performance  of  the  line.  The  line  was  optimized 
for  380-MeV  pions  (peak  of  pion  production)  but,  in  ac¬ 
cordance  with  specifications,  can  transport  pions  of  up  to 
530  MeV. 

II.  REQUIREMENTS 

A.  Geometry 

The  line  must  be  as  short  as  possible.  After  20  m,  half  of 
the  380-MeV  pions  will  have  decayed.  There  must  be  suffi¬ 
ciently  long  drifts  to  place  radiation  shielding  for  the  mag¬ 
netic  elements.  Pion  production  is  peaked  in  the  forward 
direction,  favoring  a  zero-degree  injection  system.  Con¬ 
sequently,  the  line  must  feature  a  bend  to  subsequently 
separate  pions  from  protons. 

B.  Matching 

The  line  must  provide  a  transverse  and  longitudinal 
match  between  source  and  accelerator.  TYansversely,  the 
small-size,  high-divergence  beam  from  the  pion  source  (in 
TRANSPORT  [3]  notation  described  by  x  =  0.45  cm, 
x'  =  50  mrad,  ri2  =  0,  y  =  0.45  cm,  j/  =  50  mrad, 
r34  =  0)  must  be  matched  to  the  accelerator  accep¬ 
tance  (x  =  3.845  cm,  x'  =  6.479  mrad,  ri2  =  -0.429, 
y  =  5.631  cm,  j/  =  6.924  mrad,  r34  =  -0.817).  Longitudi¬ 
nally,  an  upright  beam  covering  ±45  psec  and  ±16  MeV  at 
the  pion  source  (s  =  1.3  cm,  Sp/po  =  3.32%)  is  accepted 
by  the  accelerator,  provided  the  beam  correlation  is  that 
which  would  be  seen  after  traversal  of  an  ll-m  drift. 

'Work  supported  by  Los  Alamos  National  Laboratory  Institutional 
Supporting  Research,  under  the  auspices  of  the  US  Dep^u'tment  of 
Energy. 
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C.  Aberration  Correction 

The  line  must  have  a  layout  conducive  to  placement  of 
nonlinear  elements.  Because  both  the  transverse  emittance 
and  the  momentum  bite  of  the  beam  transported  by  the 
line  are  large  (22.5  jr-cm-mrad  and  ±3.32%,  respectively), 
the  beam  will  be  severely  degraded  by  boih  chromatic  and 
geometric  aberrations  unless  sextupoles  and  octupoles  are 
added  to  cancel  the  most  detrimental  of  these  aberrations. 

III.  PROPERTIES 

The  injection  line  has  a  length  of  20.083  m  and  consists 
of  a  matching  section  followed  by  a  90®  bend  (Fig.  1). 


Figure  1.  Layout  of  the  PILAC  zero-degree  injection  line. 

The  four-quadrupole  matching  section  provides  the 
proper  transverse  match  b'^  tween  pion  source  and  acceler¬ 
ator  in  the  tightest  possible  configuration.  The  first  dou¬ 
blet  consists  of  two  strong  focusing  elements.  It  repre¬ 
sents  a  compromise  between  compactness  of  design  (com¬ 
ponent  spacing  and  dimensions)  and  pole-tip  field  strength. 
Strong  focusing  as  close  as  possible  to  the  pion  source  mini¬ 
mizes  both  chromatic  and  geometric  aberrations.  However, 
a  0.5-m  drift  between  the  pion  source  and  the  first  quad- 
rupole  is  needed  for  radiation  shielding. 

The  90®  bend  has  the  component  layout  and  first-order 
focus  of  a  second-order  achromat  [4];  its  transverse  transfer 
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matrix  is  the  unit  matrix.  Because  the  accelerator  input 
beam  transports  well  through  the  bend,  it  is  possible  to 
perform  the  transverse  matching  entirely  upstream  of  the 
bend.  The  beam  size  in  the  bend  is  largely  governed  by  dis¬ 
persion.  An  FD  lattice  has  a  noticeably  smaller  dispersion 
than  a  DF  lattice  of  the  same  geometry.  For  FD  lattices, 
varying  the  dipole  edge  angles  has  an  insignificant  effect. 
Consequently,  parallel-pole-face  dipoles  were  assumed.  A 
bend  angle  per  dipole  of  22.5°  results  in  an  equivalent  drift 
for  the  line  of  11.06  m  for  380-MeV  pions  (5.10  m  for  530- 
MeV  pions).  There  is  a  1.5-m  drift  between  dipoles  and 
F-quadrupoles  to  accomplish  the  separation  of  pions  from 
protons. 

The  line  features  four  sextupole  pairs  and  four  octupoles 
to  correct  the  most  detrimental  chromatic  and  geometric 
aberrations.  For  compactness,  the  nonlinear  elements  are 
placed  inside  the  quadrupoles. 

IV.  TUNING  OF  SEXTUPOLES 

Sextupoles  in  the  dispersive  section  of  the  injection  line 
influence  second-order  chromatic  aberrations.  Tuning  of 
these  sextupoles  to  produce  a  second-order  achromat  is 
compared  with  the  tuning  of  the  PILAC  injection  line, 
which  produces  a  line  with  output-beam  Twiss  parameters 
{Px,  C‘x,Py,0‘y)  that  do  not  linearly  depend  on  momentum. 
In  either  case,  pairs  of  sextupoles  are  placed  such  that  the 
second-order  geometric  aberrations  caused  by  individual 
sextupoles  are  cancelled.  However,  cross-coupling  of  the 
sextupole  pairs  generates  residual  third-  and  higher-order 
aberrations. 

A.  Second-Order  Achromat 

A  second-order  achromat  consists  of  four  identical  cells 
with  90°  phase  advance  per  cell,  each  containing  bend¬ 
ing  and  focusing  elements.  This  automatically  leads  to 
a  first-order  achromat  with  /Zie  =  0  and  R26  =  0.  Two 
families  of  sextupoles,  tuned  so  that  the  horizontal  and  ver¬ 
tical  chromaticities  are  zero,  cause  all  second-order  chro¬ 
matic  transfer-matrix  elements  to  vanish  except  Rsee,  the 
quadratic  dependence  of  longitudinal  position  on  momen¬ 
tum.  The  resulting  bend  is  called  a  second-order  achromat. 

The  matched  beam  of  the  bend,  when  sent  through  the 
bend  with  sextupole  families  turned  off,  has  output-beam 
Twiss  parameters  that  do  not  linearly  depend  on  momen¬ 
tum.  However,  there  are  other  transverse  and  longitudi¬ 
nal  chromatic  aberrations,  manifesting  themselves,  for  in¬ 
stance,  in  the  nonzero  chromaticities.  Beams  other  than 
the  matched  beam  have  a  linear  dependence  of  the  output- 
beam  Twiss  parameters  on  momentum,  which  gets  zeroed 
with  the  two  sextupole  families,  whose  settings  are  beam 
independent. 

B.  Twiss-Parameter-Corrected  Injection  Line 

When  a  matching  section  precedes  the  just- mentioned 
second-order  achromat,  the  output  beam  exhibits  the  chro¬ 
matic  aberrations  caused  b>  the  quadrupoles  in  the  match¬ 
ing  section  One  continues  to  have  /iibo  =  Rsce  =  0  and 


Rsi6  =  R526  =  0,  but  all  other  previously  zero  second- 
order  chromatic  transfer-matrix  elements  are  nonzero. 

For  an  output  beam  intended  to  match  to  the  transverse 
acceptance  of  an  accelerator,  the  quantities  that  should 
not  exhibit  aberrations  are  the  Twiss  parameters.  Using 
MARYLIE,  the  linear  dependence  of  the  Twiss  parameters 
on  momentum  was  zeroed  for  the  line  using  four  pairs  of 
sextupoles.  The  procedure  does  not  work  for  a  line  in 
which  the  matched  beam  of  the  bend  goes  through  the 
bend. 

V.  TUNING  OF  OCTUPOLES 

Once  the  sextupoles  are  properly  tuned,  octupoles  can 
be  used  to  correct  some  of  the  third-order  aberrations.  Oc¬ 
tupoles  in  the  dispersionless  sections  of  the  injection  line 
are  used  to  influence  third-order  geometric  aberrations, 
and  octupoles  in  the  dispersive  section  to  influence  third- 
order  chromatic  aberrations. 

Because  there  are  many  nonzero  third-order  geometric 
transfer-matrix  elements,  an  informed  selection  must  be 
made.  For  a  line  accomplishing  a  true  point-to-parallel 
focus,  there  are  three  Lie  polynomials  that,  when  zeroed, 
eliminate  all  third-order  geometric  aberrations  distorting 
the  output  beam.  The  injection-line  focus  is  approximately 
a  point-to-parallel  focus.  There  are  only  two  independent 
octupole  positions  in  the  dispersionless  sections  of  the  in¬ 
jection  line  (as  deduced  from  very  large  settings  when 
using  three  octupoles  to  zero  all  three  Lie  polynomials). 
The  third-order  geometric  aberrations  of  the  injection  line 
are  caused  mostly  by  quadrupole  fringe  fields,  which  are 
treated  in  MARYLIE  in  hard-edge  approximation.  The 
second  quadrupole  in  the  matching  section,  in  which  the 
beam  is  large  vertically,  is  a  major  contributor  to  these 
aberrations.  Thus,  two  octupoles  were  used  to  zero  those 
two  Lie  polynomials  that  cause  aberrations  in  the  vertical 
phase  space. 

Two  octupoles  in  the  dispersive  section  of  the  injection 
line  were  used  to  zero  two  Lie  polynomials  that  signifi¬ 
cantly  contribute  to  the  dependence  of  the  horizontal  par¬ 
ticle  coordinates  on  the  cube  of  the  momentum. 

VI.  EVALUATION 

To  evaluate  the  design,  a  beam  was  transported  through 
the  injection  line  using  MARYLIE.  An  input  beam  in 
MARYLIE  coordinates  was  generated.  These  coordinates 
are  Zi  =  x,  Z2  =  Pi/Po  «  x',  Z3  =  y,  Z4  =  Py/po  «  y', 
Z3  =  $10,  and,  for  6p/po  <  1,  Ze  «  -P^pIPo,  where 
Px  and  py  are  particle  momenta,  po  is  the  design  momen¬ 
tum,  and  0  =  v/c.  MARYLIE  uses  MKSA  units.  Al¬ 
lowed  input-beam  coordinates  lie  inside  two-dimensional 
ellipses  in  ZiZ2  and  Z3Z4  phase  space  (specified  above) 
and  inside  a  rectangle  with  -0.0135  <  Z5  <  0.0135  and 
-0.032  <  Ze  <  0.032  in  ZsZe  phase  space.  Probabili¬ 
ties  were  determined  assuming  a  Gaussian  distribution  in 
Zi  and  Z3  (like  the  pion-producing  proton  beam,  with 
Zi  =  0  0045  or  Z3  =  0  0045  corresponding  to  2ct)  and 
a  uniform  distribution  in  Zo,  Z4,  Z5,  and  Z(,.  A  pion  was 
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Figure  2.  Transverse  and  longitudinal  phase-space  projections  o;  the  output  beam  for  the  injection  line 
(a)  in  linear  approximation,  (b)  without  nonlinear  elements,  and  (c)  with  nonlinear  elements. 


considered  captured  if  its  output-beam  coordinates  lie  in¬ 
side  the  two-dimensional  ellipses  defining  the  transverse  ac¬ 
ceptance  of  the  accelerator.  The  longitudinal  output-beam 
coordinates  of  the  pion  were  not  taken  into  consideration. 

For  the  injection  line  as  described,  82.2%  of  the  pions 
lie  in  the  transverse  acceptance  of  the  accelerator.  Only 
56.5%  of  the  pions  are  captured  when  the  nonlinear  beam¬ 
line  elements  are  turned  off.  Pion  decay  is  not  folded  into 
these  numbers.  Figure  2  shows  the  Z\Z2,  Z3Z4,  and  Z^Ze 
phase-space  projections  of  the  output  beam  for  the  injec¬ 
tion  line  (a)  in  linear  approximation,  (b)  without  nonlin¬ 
ear  elements,  and  (c)  with  nonlinear  elements.  In  (b),  the 
butterfly  shape  characteristic  of  chromatic  aberrations  is 
clearly  visible  horizontally  but  is  masked  vertically  by  the 
strong  third-order  geometric  aberrations  from  quadrupole 
fringe  fields. 
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Abstract 

The  design  of  the  APS  transfer  line  from  linac  to  injector 
synchrotron  has  been  completed.  The  details  of  this  transfer 
line  are  given  below. 

This  paper  describes  the  low-energy-transfcr-line 
designed  for  the  APS.  The  low  energy  transfer  line 
constitutes  two  transport  lines.  One  of  these  lines  runs  from 
linac  to  the  positron  accumulator  ring,  also  called  "PAR", 
and  is  23.7138  m  long.  The  second  part  of  the  low  energy 
tiansport  line  runs  from  the  "PAR"  to  the  injector 
synchrotron  and  is  about  30.919  m  long.  The  above  length 
includes  two  quadrupoles,  a  bend  magnet  and  a  septum 
magnet  in  the  injector  synchrotron  (see  Fig.  1  and  Table  2). 

The  positron  bunches  of  emittance  -  6.6  mm-mrad 
arriving  at  the  end  of  the  linac  at  450  MeV  have  twiss 
parameters  as  given  by  Nassiri  [1]. 

=  1.6808,  =  7.2161,  ay  =  -1.77586,  /Jy  =  6.6888  (1) 

The  transfer  line  (see  also  Yoon  and  Crosbie  (2})  from 
linac  to  "PAR"  is  made  up  of  ten  quadrupoles  and  one 
bending  magnet  B4  (see  Fig.  1).  The  bending  magnet  bends 
the  beam  by  0.2  radians  towards  the  septum  magnet  in  the 
"PAR".  The  five  quadrupoles  in  the  region  between  the 
bend  magnet  and  the  septum  magnet  in  the  "PAR"  give  a 
phase  shift  of  2tr  radians,  in  order  to  get  dispersion  free 
bunch  at  the  end  of  the  septum  magnet.  The  twiss 
parameters  at  the  end  of  the  linuc  given  above  arc  matched 
with  the  twiss  parameters  and  the  dispersion  functions  at  the 
end  of  the  septum  magnet,  in  the  "PAR"  lattice  structure. 
These  parameters  at  the  end  of  the  "PAR"  septum  arc  given 
by 

Ox  =  -0.94910,  p^  =  2.1261,  Oy  =  -0.02429, 

jjy  =  8.2401 ,  T?x  =  0.0,  Tj’x  =  0.0  (2) 

The  matching  procedure  was  earned  out  using  computer 
code  "COMFORT".  The  distance  (2.9  m)  between  the  last 
quadrupole  and  the  septum  magnet  in  the  "PAR"  is  fixed 
because  of  the  considerations  of  the  available  space  in  that 
region.  The  layout  of  this  region  of  the  transfer  line  is  shown 
in  Fig.  1. 

Details  of  the  magnet  dimensions  and  their  suengths  are 

*Work  supported  by  U  .S  anent  of  Energy,  Office  of  Bdsu 
Energy  Sciences  under  Conti  ad  No.  W  31  109  ENG  38. 
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given  in  Table  1.  The  order  of  the  magnets  is  the  order  in 
which  they  appear  in  the  transfer  line  as  one  traverses  from 
the  linac  to  "PAR".  The  p  functions  in  the  horizontal  and  the 
vertical  plane  along  with  the  dispersion  function,  rj,  in  the 
horizontal  plane  are  shown  in  Fig.  2.  The  maximum  Py  is 
approximately  20  m  and  occurs  at  the  quadrupole  before  the 
bend  magnet.  The  maximum  value  of  the  p^  is  about  16  m. 

In  addition  to  the  above  elements,  the  linac  to  "PAR" 
part  of  the  low  energy  transfer  line  contains  eight  steering 
magnets  and  seven  beam  position  monitors.  Of  the  eight 
steering  magnets  four  are  for  steering  in  the  horizontal  plane 
and  the  remaining  four  are  to  be  used  for  steering  in  the 
vertical  plane.  Similarly,  out  of  the  seven  beam  position 
monitors  three  are  to  be  used  for  diagnostics  in  the  horizontal 
plane  and  the  remaining  four  for  diagnostics  in  the  vertical 
plane.  The  relative  positions  of  these  steering  magnets  are 
also  given  in  Fig.  1.  The  calculations  for  the  strength  and  the 
dimension  of  these  steering  magnets  was  carried  out  using  a 
computer  code  locally  developed  for  this  purpose.  However 
the  code  was  tested  for  the  calculation  of  twiss  parameters 
against  the  "COMFORT"  run. 

The  second  part  of  the  low  energy  transport  line  carries 
the  posiuon  bunches  from  the  "PAR"  septum  to  the  injector 
synchrotron.  Again  the  energy  of  the  positron  bunches  is 
about  450  MeV.  This  section  is  made  up  of  two  bend 
magnets  (B1  ,  B2),  and  eleven  quadrupoles  joining  the 
"PAR"  septum  magnet  "B3"  on  the  one  end  and  the  injector 
synchrotron  septum  magnet  on  the  other  end.  The  bend 
magnet  B2  bends  the  bunch,  coming  from  the  "PAR"  septum 
magnet  (bend  angle  of  -0.2  radians)  through  an  angle  of  0.2 
radians.  The  section  between  the  bend  magnet  B2  and  the 
septum  magnet  B3  is  the  same  as  the  section  between  the 
bend  magnet  B4  and  the  septum  magnet  B3.  It  produces  a 
dispersion  free  beam  in  the  region  between  B2  and  Bl.  The 
next  section  between  bending  magnet  B2  and  the  bending 
magnet  Bl  has  four  quadrupoles  which  can  be  used  as  tuning 
quadrupoles  for  tuning  on  to  four  twiss  parameters  in  the 
vertical  and  horizontal  direction.  The  bend  magnet  Bl  bends 
the  beam  at  an  angle  of  approximately  -0.1859  radians 
towards  the  injector  synchrotron  septum.  There  are  two 
quadrupoles  in  the  section  between  the  bend  magnet  Bl  and 
the  injector  synchrotron  septum,  which  are  arranged  such 
that  the  bunches  entering  the  injector  synchrotron  are 
dispersion  free  at  the  end  of  the  dipole  magnet  B  (see  Table 
2).  The  detailed  layout  can  be  seen  in  Fig.  1,  and  the  relative 
positions,  the  dimensions  and  the  strengths  of  the  magnets 
arc  given  in  Table  2.  The  maximum  value  of  the  P  function 
from  B2  to  the  injector  synchrotron  septum  is  about  26  m.  In 
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designing  the  transfer  line  from  the  "PAR"  to  the  injector 
synchrotron,  some  part  of  the  injector  synchrotron  is 
included.  The  twiss  parameters  given  by  the  injector 
synchrotron  lattice  at  the  beginning  of  the  drift  01  (see  Table 
2)  are  matched  with  the  twiss  parameters  given  at  the 
beginning  of  the  "PAR"  septum  magnet  given  above  (sign  of 
the  a  function  must  be  reversed)  through  the  U’ansfer  line. 
Again,  the  computer  code  "COMFORT"  was  used  for 
matching  purposes.  The  twiss  parameters  at  the  position  01 
are  given  below.  The  sign  of  the  a  function  corresponds  to 
the  motion  from  "PAR"  to  the  injector  synchrotron. 

=  0.4620,  =  2.1724,  ay  =  -2.5084,  Py  =  15.6557  (3) 

The  detailed  form  of  the  p^,  Py  and  the  is  given  in 
Fig.  3.  In  addition  to  the  above  components  this  part  of  the 
transfer  line  contains  six  steering  magnets  and  seven  beam 
position  monitors.  Of  the  six  steering  magnets,  three  are 
used  for  steering  in  the  horizontal  direction  and  the 
remaining  three  in  the  vertical  direction.  Similarly,  of  the 
seven  beam  position  monitors  four  are  to  be  used  for 
monitoring  the  horizontal  position  and  the  remaining  three 
for  monitoring  the  vertical  position.  The  maximum  Bf  = 
0.012  T.m  for  these  steering  magnets.  These  calculations 
were  also  carried  out  using  the  locally  developed  code.  The 
details  of  their  positions  and  other  parameters  are  given  in 
the  Table  2. 
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Figure  1.  Low  Energy  Transport  Line 


Dispersion  and  Betatron  Matching  into  the  Linac 
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k  bstract 

In  high  energy  linear  colliders,  the  low  emittance  beam 
from  a  damping  ring  has  to  be  preserved  all  the  way  to  the 
linac,  in  the  linac  and  to  the  interaction  point.  In  particu¬ 
lar,  the  Ring-To-Linac  (RTL)  section  of  the  SLAC  Linear 
CoiUder  (SLC)  shoiild  provide  an  exact  betatron  and  dis¬ 
persion  match  from  the  damping  ring  to  the  linac.  A  beam 
with  a  nop-zero  dispersion  shows  up  immediately  as  an 
increased  emittance,  while  with  a  betatron  mismatch  the 
beam  filaments  in  the  linac.  Experimental  tests  and  tuning 
pro  'edures  have  shown  that  the  linearized  beta  matching 
algorithms  are  insufficient  if  the  actual  transport  line  has 
some  unknown  errors  not  included  in  the  model.  Also,  ad¬ 
justing  quadfupole  8trength^>  steers  the  beam  if  it  is  offset, 
in  the  quadrupo'e  magnets.  These  and  other  effects  have 
letvd  to  a  lengthy  tuning  process,  which  in  the  end  improves 
the  matching,  but  is  not  ootimal.  Different  ideas  will  be 
discussed  which  should  improve  this  matching  procedure 
and  make  it  a  more  reliable,  faster  and  simpler  process. 

1  Theoretical  Considerations 

A  mismatch  in  betatron  functions  of  the  beam  (a,  l3)  and 
the  lattice  (d,  0)  and  a  non-zero  dispersion  (q  or  q'  ^  0)  at 
t^e  beginning  of  the  linac  enlarges  the  effective  em..t.ance 
(<<//).  A  dispersion  q  causes  different  beam  positions  for 
different  energies  A*  =  qA5/£.  This  effect  can  be  es¬ 
timated  by  the  following  example.  For  an  energy  spread 
^  =  j  1%,  a  dispersion  of  q  =  10  mm  will  lead  to 
an  emittance  growth  of  roughly  10%  (at  a  beam  size  of 
D  =  =  316/im): 

€tf)0  =  <T*  =  (r/?-p  q®i*  =  (0.1  4-  0.01)  mm%  (1) 

if  there  is  a  similar  disturbance  in  tlie  angular  component 
with  rf.  Otherwise  the  full  expression  has  to  be  recognized: 

fc//  =  €\/l  +  (q2  +  (/?qM  .^q)-]  <  6^  >  /{(P),  (2) 

which  corroeponds  to  a  bigger  (and  additionally  mis¬ 
matched  [1])  ellipse  in  phase  space. 

A  betatron  r  ismatch  has  no  immediate  effect  on  ilie 
emittance,  but  will  increase  the  emittance  by  the  filamvn- 
tation  of  the  phase  space  ellipse  induced  by  an  energy 
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spread.  This  magnification  due  to  the  betatron  mismatch 
is  given  by: 


(P-P)IP 

Pmag  ~~  1 

0.5 

0.08 

1.0 

U.25 

2.0 

0.67 

4.0 

1.60 

n>  10 

w  n/2 

Fig.  1  shows  the  beam  in  real  space  for  P,  q-mismatch 
and  also  higher  order  contributions.  Besides  the  theoretical 
considerations,  the  observed  practical  problems  during  the 
actual  minimizatir.'  process  will  be  described. 

2  Dispersion  Match 

Although  the  dispersion  adjustment  should  be  performed 
only  after  the  betatron  match  is  done,  it  will  be  described 
nrst. 

Measurement 

There  are  two  different  techniques  to  determine  the  influ¬ 
ence  of  the  dispersion  term: 

1.  The  emittance,  determind  by  wire  scanners  (or 
screens),  is  compared  for  the  two  cases:  a)  with  the 
normal  1  %  energy  spread  (compressor  in  RTL  is  on) 
and  b)  with  nc  energy  spread  (compressor  off). 

2.  By  changing  the  phase  and  amplitude  of  the  com¬ 
pressor  to  provide  an  acceleration,  no  acceleration 
or  deceleration,  it  will  lead  to  an  offset  Ax  at  the 

‘Ms  (beam  position  monitors),  if  dispersion  term 
arc  present. 

Additionally,  .  skewness  in  the  beam  distributir  \  mea¬ 
sured  by  a  wire  (screen)  indicates  higher  order  energy  de¬ 
pendencies  (Ti66  [4]),  which  can  be  determined  by  the 
BPM-dala:  For  lower  and  higher  energies  Ax  has  the  same 
sign. 
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Figure  1:  Beam  Mismatches. 

The  beam  response  in  x,Z‘Space  is  shown  for  different  mts- 
matches.  The  beam  has  a  longitudinal  energy  correlation 
introduced  by  a  compressor  and  follows  a  W  per  cell  lattice 
(arrows  indicate  additional  x'J:  aj  Matched  beam,  b)  dis¬ 
persion  in  space  (t)  ~  Rit)  and  angle  (rf  =  R^^),  c)  higher 
order  dispersion  (or  disfersive  chromaticity);  Ties. 
d)  betatron  mismatch  (fi  m  40),  e)  (betatron-)  chromatic¬ 
ity  is  different  focusing  for  different  energies  and  resultant 
betatron  match  within  the  beam  for  not  fully  compressed 
bunches. 

2.2  Correction 

A  combination  of  quadrupoles  (>},  ;/'-knobs)  is  changed, 
which  should  not  influence  the  betatron  match.  Depending 
on  the  measurement  techniques  either  tlie  overall  effect  is 
decreased  by  minimizing  the  emittance  or  spot  sizes,  or  the 
actual  dispersion  and  higher  orders  are  measured  and  can 
be  compensated  by  a  right  amount  of  the  Tf,  rj'-khobs  and 
sextupole  adjustments.  Here  some  of  the  main  techniques 
and  their  advantages  are  discussed: 

1.  The  emittance  is  minimized  and  checked  witli  wires  at 
the  beginning  (or  end)  of  the  linac:  Tire  precise  mea¬ 
surement  leads  to  a  more  direct  minimization  of  the 
important  quantity,  a  residual  dispersion  may  com¬ 
pensate  rf-kicks  and  wakefields. 

2.  The  two-dimensional  spots  on  two  screens  are  mini¬ 
mized  by  finding  two  good  settings  per  screen  (t;,  t}')  = 
(>7i,  0)  and  (0,  r)[)  and  set  to  common  solution:  It  is  a 
quick  method,  but  not  necessarily  the  most  accurate 
one. 

3.  Calculate  and/or  iterate  BPM-data:  The  dispersion 
alone  is  minimized,  residuals  from  rf-kick  or  wakefields 
remain.  This  method  gives  quantitative  results  for 
dispersion  and  also  for  higher  orders. 


For  the  higher  order  in  dispersion,  e.g.  the  betatron  chro¬ 
maticity,  two  methods  have  to  be  combined:  At  different 
energies,  set  by  the  compressor,  the  betatron  matching  (see 
below)  is  measured  with  the  wires. 

3  Betatron  Match 

The  twiss  parameters  n  '"d  0  of  the  beam  have  to  be 
measured  and  compareo  to  the  design  a,  0. 

3.1  Measurement 

The  measurement  is  done  by  either  a  quadrupole  scan  or 
by  multiple  wire  measurements.  For  the  first  method,  the 
beam  size  on  a  screen  or  wire  is  recorded  for  different 
quadrupole  settings.  The  second  method  needs  at  least 
three  wires  (screens),  which  measure  the  beam  size  at  dif¬ 
ferent  phase  advances  giving  a,  0  and  e  (emittance)  of  the 
beam  [2,  3].  From  the  mismatch  of  the  beam  with  respect 
to  the  design  the  beta-magnification  0mat  (see  eq.  3)  is 
calculated. 

3.2  Correction 

With  the  known  lattice,  a  and  0  of  the  beam  can  be 
tracked  back  to  the  beginning  of  the  RTL  and  the  corre¬ 
sponding  beta-knobs  changed  by  the  appropriate  amount. 
Most  often  the  knobs  are  empirically  tuned  to  minimize 

0maf 

3.3  DifHculties  with  Betatron  Adjustment 

A  variety  of  problems,  such  as  measurement  inaccuracies, 
magnetic  hysteresis  and  RTL  focusing  errors,  makes  the 
minimization  of  0mat  below  a  value  of  1.2  difficult.  Some 
problems,  their  origin  and  their  effects  are  summarized  be¬ 
low: 

1.  Measurement  error:  Wire  vibrations,  photo  multiplier 
saturation,  bad  timing  of  the  gate  (or  nonlinearities  of 
screens)  may  cause  a  wrong  matching  minimum. 

2.  Hysteresis  in  magnets:  /?*,  0y  knobs  become 
nonorthogonal,  especially  if  quadrupole  trims  have  dif¬ 
ferent  signs  in  respect  to  common  power  supply. 

3.  Lattice:  (i)  Nearly  degenerated  matching  knobs  using 
only  four  quads  require  big  changes,  which  steer  the 
beam,  (ii)  Nonlinear  knobs,  (iii)  Vertical  focusing 
depends  on  steering  through  sextupoles. 

4.  Changing  only  one  quad:  Then  less  change  is  neces¬ 
sary.  The  measured  hysteresis  gap  is  «  1  %,  while  a 
0.6%  change  gives  already  0mag  =  2  (see  Fig.  2). 

5.  Not  stable  over  days:  With  a  different  steering  near 
the  nonlinear  septum  or  a  vertical  steering,  the  ad¬ 
justment  changes. 
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Figure  2:  Betatron  Match  Sensitivity. 

Htrt  one  of  the  "matching”  quadrupolea  (number  Ilf)  in 
ike  RTL  is  changed  by  a  few  percent.  For  a  O.f  %  change  of 
the  magnetic  field  the  betatron  magnification  (correspond¬ 
ing  to  an  emiitance  growth  after  filamentation)  is  1.5.  The 
difference  going  up  or  down  the  hysteresis  loop  (see  arrows) 
i$  about  1  %  in  field  strength,  which  makes  it  difficult  to  ad¬ 
just  combinations  of  magnets. 

4  Precise  Adjustment 

It  should  be  mentioned  that  a  coarse  adjustment  is 
achieved  quite  quickly  and  keeps  the  emittance  blow-up 
below  30-50%  of  the  1.6  •  10”®  m  rad  normalized  damping 
ring  emittance.  A  precise  adjustment  can  also  be  obtained, 
but  usually  only  in  one  plane  {x  or  y). 

4.1  Adjustment  Procedures 

Over  the  years  several  bet.  .ron  matching  ’’knobs”  have 
been  generated  using  four  matching  quadrupoles.  They 
are  configured  to  change  orthogonally  one  component  of 
fin  fist  O'  *”ore  precisely,  they  control  the  cosine¬ 
like,  fi/fi,  and  sine-like,  ct  -  afi/fi,  components  of  a  beta- 
beat. 

Historically  the  first  set  of  knobs  failed,  since  the  power 
supply  of  one  quad  couldn’t  regulate  well  at  the  desired 
low  amount.  Then  a  second  set  was  made  using  a  small 
trim  power  supply  for  that  quad.  The  difficulty  with  these 
knobs  is  that  small  isalignments  of  the  strong  matching 
quads  cause  a  big  steering  of  the  beam.  A  third  set  uses 
only  one  matching  quad  and  three  pairs  of  quads  in  the  dis¬ 
persive  region  of  the  RTL.  They  require  only  small  changes 
(less  steering),  but  they  have  quite  a  large  cross-talk  be¬ 
tween  the  X  and  y  plane. 

A  different  technique  uses  the  four  matching  quads  but 
with  dynamic  knobs.  This  means  the  measured  response 
of  the  knobs  is  used  to  calculate  the  desired  coefficients  for 
the  four  quads.  A  potential  problem  is  the  hysteresis  of  the 
magnets.  Another  method  tries  to  avoid  the  hysteresis  by 
calculating  the  desired  change  and  trimming  the  magnets 
to  these  values  after  standardization.  This  requires  quite 


a  long  time,  steers  the  beam  and  seems  to  have  a  poor 
convergence. 

The  simplest  way  is  taking  only  the  most  sensitive  quad 
for  the  desired  change  and  taking  care  of  the  normal  stan¬ 
dardization  direction  on  the  hysteresis  loop.  This  is  not 
totally  orthogonal  and  therefore  insufficient  for  a  complete 
betatron  match. 

4.2  New  Ideas 

A  number  of  ideas  have  been  generated  during  discussions, 
but  haven’t  bee’  ♦r’^'d  yet.  One  is  to  use  more  than  four 
quads  and  min'  ;  ■ ;  the  sum  of  changes  to  get  the  desired 
effect.  This  w  i'  -  urs  degenerat,  so  less  quad  changes 
and  therefore  1.  ain  steering  will  occur.  Also  the  x-y 
cross-talk  might  be  less,  but  no  hysteresis  of  the  magnets 
are  considered.  To  avoid  hysteresis  knobs  may  be  used 
which  always  have  the  quads  going  in  the  standardization 
direction  (or  against  for  resetting).  A  variation  might  be  a 
knob  which  brings  a  quadrupole  current  (if  tweaked  against 
hysteresis)  far  beyond  the  required  value  and  then  back  fol¬ 
lowing  the  standardization  direction  (quasi-standardized). 
Also  a  different  standardization  method  [5]  might  be  con¬ 
sidered,  which  is  insensitive  against  tweaks  around  an  op¬ 
timal  setting.  Together  with  dynamic  knobs,  a  fast  proce¬ 
dure  has  to  be  found,  since  drifts  of  20-30%  in  emittance 
over  a  few  days  have  been  observed. 

5  Conclusion 

Dispersion  and  betatron  matching  into  the  SLC-linac  can 
reduce  the  emittance  growth  below  about  30%.  For  a  fur¬ 
ther  reduction,  different  procedures  are  needed,  which  deal 
with  the  problems  of  hysteresis  in  the  magnets,  measure¬ 
ment  errors,  sensitivity  of  the  lattice  and  long-term  stabil¬ 
ity. 
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Introduction 

In  order  to  use  the  slow  extracted  beam  of  the 
PS  more  effectively,  the  period  of  slow  extraction  has 
been  extended.  In  this  pa^r,  upgrade  of  the  main  ring 
magnet  power  supply  will  be  described.  The  main 
power  supply  consists  of  thyrister  rectifiers,  DC  filters, 
reactive  ^wer  compensators,  AC  harmonic  filters  and 
control  systems.  To  increase  the  current  capacity 
during  flat  top,  the  rectifiers  and  transformers  were 
improved.  AC  network  and  DC  filters  were  remained  as 
it  is,  since  the  acceleration  and  deceleration  times  were 
not  varied.  Analog  control  devices  and  the  computer 
control  soft  ware  have  also  been  improved  to  realixe  a  2 
sec  flat  top  with  a  4  sec  repetition  rate  compared  with 
the  former  0.6sec  flat  top  with  a  2.S  sec  repetition  rate. 

The  magnet  power  system 

The  magnet  power  system  consists  of  magnet 
power  supply  (23.6MVA).  reactive  power  compensator 
systems  (20  MVar  lag  for  fundamental)  and  harmonic 
filter  banks  (20  MVar  lead).  The  ring  magnet  power 
system  has  three  separated  magnet  power  supplies,  one 
is  for  the  bending  magnets  and  the  other  two  are  for  the 
horizontally  and  vertically  focusing  quadrupole  magnets. 
The  quadrupole  magnet  currents  must  be  tracked 
separately  to  the  bending  magnet  currents  for  precise 
tuning  of  betatron  oscillation  to  perfonn  the  optimum 
beam  acceleratitm. 

Desired  exciting  currents  of  these  magnets  ate 
fed  by  output  voltages  of  power  thyristor  converters 
controlled  by  ignition  angles.  They  are  given  by  analog 
phase  shifters  which  compare  with  the  reference  and  tl» 
pattern  voltages  through  negative  feedback  of  two  loops 
by  a  minor  automatic  voltage  regulator  (AYR)  and  by  the 
main  automatic  current  relator  (ACR).  These  patterns 
are  output  to  the  converters  through  DAC  every  6(X)  Hz 
synchronized  on  the  six  phase  ac  line  by  the  control 
computei  system.!  1]  The  computer  rewrites  the  comrol 
voltage  pattern  in  accordance  with  measured  deviations 
from  the  reference  current  by  a  repetitive  control 
algorithm.[2}  The  load  parameters  of  the  maim  magnets 
ar^  the  typical  current  patterns  of  the  bending  magnet  are 
shown  in  Table  1  and  Fig.l,  respectively. 

In  order  to  suppress  the  ac  line  voltage  flicker 
induced  by  the  pulsed  lag  reactive  power  of  magnet 
power  supply  converters,  reactive  power  compensator  of 
thyristor  controlled  reactor  has  been  equipped  of  total 
power  of  20MVar.[3]  These  lag  powers  are 
compensated  by  lead  power  of  the  four  banks  of 
resonance  type  harmonic  filters  [4]  (4MVA  for  third. 


4MVA  for  fifth,  3MVA  for  seventh  and  9MVA  for  high 
pass). 

The  logical  ripple  components  over  3(X)Hz  are 
reduced  well  by  the  passive  low  pass  [5]  and  the 
dynamic  fiiters.[6]  Ftg.2  shows  a  Schematic  diagram  of 
the  main  ring  power  supply  system. 

Table  l.The  load  parameters  of  the  main  magnets. 


Resistance 

B  Magnets 
0.75n 

Q  Magnets 
0.32D 

Inductance  (at  Inj.) 

I.IH 

0.12H 

Time  Constant 

1.5sec 

0.38sec 

Injection  Cunent 

200A 

IlOA 

Flat  Top  Cunent 

28S0A 

1600A 

Acceleration  Time 

790mscc 

L(dl/dt) 

3400V 

210V 

Rxl(at  Flat  Top) 

2100V 

510V 

Fig.l  Typical  Current  and  Voltage  Patterns  of  the 
Bending  Magnet  at  12  GeV  Operation. 

Up  to  bottom;  Current,  Converter  and  Inverter  Voltage, 
B23  Convener  Voltage. 
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Upgrade  of  the  current  capacity 


Contrgl  System 


The  bending  magnets  power  supply  has 
consisted  of  six  twelve-pulse  rectifiers  and  controlled  by 
six  groups  of  voltage  patterns.  Each  bridge  of  the  B1 
group  is  fired  by  a  converter-inverter  operation  in  order 
to  reduce  the  direct  current  ripple  component  during 
injection  period  and  further  to  reduce  the  ac  line 
flicker.[7]  These  patterns  are  also  optimized  for  reactive 
power  and  for  voltage  ripples  to  be  minimized  by 
controlling  by-pass  thyristors  of  four  group  B23 
converters.  These  voltage  patterns  are  also  shown  in 
Fig.l. 

To  increase  the  current  capacity  of  the  B1  group 
rectifier,  BO  is  connected  in  parallel  with  B1  via 
interphase  reactors  and  controlled  by  the  same  voltage 
pattern  as  Bl.  The  transformer  banks  are  connected  with 
ISdegrce  difference  resulting  in  a  24-pulse  rectifier.  Each 
bridge  of  them  is  also  fired  by  a  converter-inverter 
operation.  An  allowable  current  deviation  in  the 
inteiphase  reactors  between  BO  and  Bl  is  designed  to  be 
15%,  then  the  feedback  control  system  as  shown  in  Fig.3 
is  used  to  decrease  the  imbaiance  current  between 
transformers. 

To  increase  the  current  capacity  of  the  B23 
converters  during  the  by-pass  period,  new  thyristor 
switches  arc  connected  in  parallel  with  the  former  by¬ 
pass  thyristor. 

Each  of  the  quadrupole  magnet  power  supplies 
have  been  controlled  by  g/oup  of  the  pattern  and  have 
been  fed  by  two  power  transformers. 


Fig.  4  gives  a  schematic  block  diagram  of  the 
hybrid  control  system.  The  analog  system  covers  the 
AGi  and  AVR  loop  as  a  real-time  negative  feed  back 
control  to  thyristor  switching.  The  control  voltage  is  a 
sum  of  the  pattern  signals  AVR  and  ACR.  By  a  16-bit 
DAC,  the  pattern  voltages  and  current  are  given  for  every 
12-pulsed  thyristor  group  at  the  600  Hz  control  clock 
synchronized  to  the  ac-linc  voltage. 

The  control  computer  system  consists  of  the 
main  epu  system  HIDIC-V90/25  and  input  and  output 
controllers  HISEC-04M.[8]  These  control  computer 
systems  and  operation  terminal  in  the  accelerator  central 
control  room  of  are  connected  by  a  local  area  network. 

The  bending  magnet  power  supply  is  controlled 
by  six  voltage  patterns  for  thyristor  converter  groups  and 
by  the  current  pattern  for  the  ACR.  The  quadrupole 
magnet  power  supplies  also  work  by  the  reference 
voltage  to  the  thyristor  group  and  by  the  current  pattern. 
These  patterns  are  fed  through  16-bit  DAC  sets  by  the 
output  controller  H-04M. 

The  input  controller  as  the  detector  system  H- 
04M  logs  ma^et  currents  from  DCCT  and  voltages 
through  the  sets  of  16-bit  ADCs  at  every  600Hz  control 
clock  cycle. 

For  extension  of  the  flat  top  period,  memory 
and  hard  disc  capacity  was  increased  and  reproduce  an 
application  soft  ware.  If  the  operation  will  be  performed 
with  the  long  flat  top  pattern,  the  control  clock  is 
synchronized  with  300Hz  to  save  the  memory. 
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Results 


The  magnet  power  system  of  the  KEK  12  GeV 
PS  was  upgraded  to  expand  the  flat  top.  The  current 
capacity  of  bending  magnets  power  supply  has 
increase.  The  analogue  and  computer  control  system 
have  been  also  reconstructed.  Eight  twelve-pulse 
rectifiers  for  the  bending  magnets  are  still  controlled  by 
six  groups  of  voltage  patterns.  The  hybrid  control 
system  with  the  analog  and  AVR  loop  as  real-time 

negative  feed  back  control  and  the  repetitive  current  and 
voltage  control  have  been  performed. 
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Fig.4  Schematic  Block  Diagram  of  the  Hybrid  Control 
System. 
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through  the  feedback  loop  comprising  the  beam  position 
monitoring  system. 

A  total  of  eighty  correction  magnets  are  distributed 
around  the  injector  synchrotron  ring.  These  magnets  provide 
the  field  changes  required  for  the  beam  orbit  correction 
during  the  acceleration  period  at  the  rate  of  2  Hz.  Since  the 
exact  field  correction  required  at  each  Correction  magnet 
location  will  not  be  known  until  a  beam  is  actually 
accelerated,  an  arbitrary  function  generator  (AFG)  [1]  is 
required  to  produce  a  correction  field. 

The  correction  field  required  could  be  cither  positive  or 
negative.  Thus  for  all  the  correction  magnets,  bipolar  power 
supplies  (BPSs)  are  required  to  produce  both  polarities  of 
correction  fields.  Three  different  types  of  BPS  arc  used  for 
all  the  correction  magnets.  Type  I  BPSs  cover  all  the 
cmection  magnets  for  the  storage  ring,  except  for  the  trim 
dipoles.  The  maximum  output  current  of  the  Type  I  BPS  is 
Adc.  A  Type  II  BPS  powers  a  trim  dipole,  and  its 
maximum  output  is  60  Adc.  The  injector  synchrotron  and 
PAR  correction  magnets  are  powered  from  Type  III  BPSs, 
whose  maximum  output  current  is  25  Adc. 

11.  Circuit  coNRCURATiON 

Figure  1  shows  the  simplified  circuit  configuration  of  a 
bipolar  power  supply.  The  topology  is  a  full-bridge  dc-to-dc 
converter.  The  switching  frequency  is  20  kHz  synchronized 
with  the  main  clock.  The  regulation  is  achieved  by 


Table  1:  Summary  of  correction  magnet  power  supplies  for  the  APS  machine. 
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Abstract 

The  Advanced  nioton  Source  machine  requires  a  number 
of  correction  magnets;  five  kinds  for  the  storage  ring,  two  for 
the  injector  synchrotron,  and  two  for  the  positron 
accumulator  ring.  Three  types  of  bipolar  power  supply  will 
be  used  for  all  the  correction  magnets.  This  paper  describes 
the  design  aspects  and  considerations  for  correction  magnet 
power  supplies  for  the  APS  machine. 

I.  Introduction 

A  number  of  correction  magnets  ate  required  for  the  APS 
machine  to  ctmect  the  beam.  There  are  five  kinds  of 
correction  magnets  for  the  storage  ring,  two  for  the  injector 
synchrotron,  and  two  for  the  positron  accumulator  ring 
(PAR).  Table  I  shows  a  summary  of  the  correction  magnet 
power  supplies  (CMPSs)  for  the  APS  machine.  For  the 
storage  ring,  the  displacement  of  the  quadrupole  magnets  due 
to  the  low  frequency  vibration  below  25  Hz  has  the  most 
significant  effect  on  the  stability  of  the  positron  closed  orbit. 
The  primary  external  source  of  the  low  frequency  vibiation  is 
the  ground  motion  of  approximately  20  pm  amplitude,  with 
frequency  components  concentrated  below  10  Hz.  These  low 
frequency  vibrations  can  be  corrected  by  using  the  correction 
magnets,  whose  field  strengths  are  controlled  individually 
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controlling  the  pulse  width.  Power  MOSFErs  are  considered 
for  the  switching  devices  due  to  their  excellent  switching 
characteristics  and  easier  drive  requirement.  Another 
advantage  of  using  power  MOSFET  is  that  the  new 
generation  of  power  MOSFETs  allows  us  to  utilize  their 
inherent  body  diodes  for  the  anti-parallel  diodes  of  the 
switches.  and  represent  the  inductance  and  resistance 
of  a  correction  magnet.  For  positive  magnet  current,  switches 
SI  and  S4  are  closed.  Only  the  upper  switch  SI  is  controlled 
according  to  the  pulse  width  modulation  (PWM)  signal, 
while  the  bottom  switch  S4  remains  closed.  When  SI  is 
opened,  the  magnet  current  decays  through  the  still  closed 
switch  S4  and  diode  D3.  However,  double  gating,  which 
controls  both  SI  and  S4  simultaneously,  may  be  required  to 
keep  di/dt  constant  around  zero.  For  negative  current, 
switches  S2  and  S3  and  diode  D4  are  used  in  a  similar 
fashion.  In  order  to  regulate  the  magnet  current,  the  magnet 
current  information  is  fed  back  to  an  error  amplifier  input  via 
a  current  measuring  device  as  the  feed  back  signal,  V{,  and  is 
compared  with  the  reference  voltage,  V,,  provided  by  a 
digit^-to-analog  converter  (DAC).  The  current  measuring 
device  considered  is  either  a  shunt  resistor  or  a  zero-flux 
current  transductor  (CT).  Since  the  current  loop  has  slow 
response  to  the  input  voltage  variation  due  to  the  large  time 
constant  of  a  correction  magnet,  the  voltage-feedforward 
technique,  which  varies  the  ramp  slope,  is  used  in  the 
regulator  circuit  for  constant  volt-second  operation  to  the 
input  variation.  The  unregulated  dc  input  bus  voltage,  V^,,  is 
provided  by  a  separate  ac/dc  rectifier. 

III.  CONTROL 

A.  Control  for  storage  ring  CMPSs 

Figure  2  shows  the  simplified  block  diagram  of  a  control 
scheme  of  correction  magnet  power  supplies  for  the  storage 
ring.  PSCU  is  the  power  supply  control  unit  which  contains 
the  intelligence  that  interfaces  directly  to  each  power  supply 
hardware  for  conbol,  monitoring,  and  communicating  to  the 


Fig.  2;  Simplified  block  diagram  of  a  control  scheme. 

host  computer.  One  PSCU  can  control  as  many  as  eight 
correction  magnet  power  supplies. 

It  was  planned  to  use  a  13-bit  DAC  for  the  reference 
signal  generation,  however  it  may  be  necessary  to  use  a 
higher-resolution-bit  DAC  .  The  host  computer  provides  a 
current  value  to  the  PSCU,  and  it  sends  out  a  pulse  train  to 
the  DAC  to  set  the  dc-to-dc  converter's  output  current.  This 
current  is  the  average  (bias)  correction  current,  and  the 
current  setting  is  done  with  an  open  loop.  The  host  computer 
can  then  modulate  the  correction  magnet's  current  by 
counting  the  DAC  up  and  down  for  the  dynamic  correction. 
This  dynamic  correction  is  done  with  a  closed  feedback  loop. 
The  control  computer  will  sense  the  correction  magnet's 
field,  and  manipulate  it  to  compensate  for  the  attenuation  and 
phase  delay  due  to  the  eddy  current  effect  of  the  vacuum 
chamber  [2]. 

Figure  3  shows  the  simplified  regulator  circuit  to  generate 
gating  signals.  The  reference  signal,  V,,  from  a  DAC  is  0  to 
+5V  for  the  posiuve  magn®|  current  and  0  to  -5V  for  the 
negative  current.  A  polarity  signal,  which  determines  a  set  of 
switches  to  be  conbollcd,  is  derived  from  the  reference  signal 
by  using  a  comparator.  If  it  is  a  positive  value,  then  a  high 
signal  is  obtained.  Similarly  if  it  is  a  negative  value,  a  low 
signal  is  obtained.  The  feedback  signal.  Vf,  is  provided  from 
a  current  measuring  device.  Assuming  a  higher-resolicdon-bit 
DAC  is  required  for  a  storage  ring  correction  magnet,  a  zero- 


Fig.  3:  A  simplified  regulator  circuit. 
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flux  CT  provides  +10V  (-lOV)  for  maximum  positive 
(negative)  current.  This  +/-  lOV  signal  is  reduced  by  half  to 
match  with  the  reference  signal.  Vf.  The  output  of  the  error 
amplifler,  Ve.  is  compared  with  a  saw  tooth  signal,  at  a 
comparator,  generating  a  pulse  u^in.  This  PWM  signal  is 
combined  with  the  polarity  signal  using  an  AND  gate  to 
determine  which  switch  SI  or  S2  is  to  be  controlled.  The 
maximum  duty  cycle  could  be  100%,  however,  in  general,  it 
is  S0%  at  minimum  input  voltage  and  full  load  current  for  dc 
correction  current,  leaving  the  remaining  50%  for  the 
dynamic  correction. 

B.  Control  for  injector  synchrotron  and  PAR 
CMPSs 

Bk.^ically  the  same  control  circuit  as  in  the  storage  ring 
CMPS  apply  to  the  injector  synchrotron  and  PAR  CMPSs. 
The  differences  will  be  described  in  this  subsection.  For  the 
reference  signal,  a  12>bit  DAC  is  used,  and  a  shunt  resistor  is 
used  for  the  current  measuring  device,  developing  about  0.2V 
across  the  shunt  at  full  magnet  current.  Thus,  this  signal 
needs  to  be  amplified  and  isolated  prior  to  the  error 
amplifler  input  terminal. 

As  explained  in  the  Inuoduction,  an  AFG  is  used  to 
generate  the  reference  correction  signal,  V,,  for  injector 
synchrotron  CMPSs.  The  AFG  is  located  in  the  PSCU,  and 
its  design  is  based  on  scanning  out  encoded  data  from  a  semi* 
conductor  memory,  a  flrst'in-flrst-out  (FIFO)  device.  The 
AFG  input  data  consists  of  a  maximum  of  20  correction 
values  randomly  spaced  within  the  injector  synchrouon 
acceleration  window  (250  ms).  Additional  points  between 
these  values  are  then  linearly  interpolated  to  create  a 
uniformly  spaced  KXX)  data-point  function  stored  in  the 
FIFO.  Each  point  is  scanned  out  in  synchronism  with  the 
acceleration  cycle,  and  used  to  clock  an  up/down  counter 
driving  the  DAC.  Since  the  function  data  is  first  stored  before 
use,  its  effect  is  a  feedforward  (open  loop)  correction.  The 
optimum  function  for  each  correction  magnet  is  determined 
via  an  iterative  process  based  on  the  beam  position  during 
machine  tune-up. 

Since  PAR  correction  magnets  do  not  require  any 
dynamic  correction,  only  dc  bias  level  information  is 
received  from  the  host  computer.  Therefore  the  same  power 
supply  as  for  injector  synchrotron,  (i.e.  Type  III  BPS),  is 
us^,  except  that  the  PSCU  does  not  include  an  AFG. 

IV.  DRIVE 

Although  the  drive  requirements  for  power  MOSFETs  arc 
relatively  simple  compared  with  the  equivalent  bipolar 
uansistors,  some  considerations  are  needed  for  high-current 
power  MOSFETs.  The  input  capacitances  of  high-current 
power  MOSFETs  are  quite  large,  for  example  it  is 
approximately  20  nF  for  a  200-A  MOSFET.  This  is  perhaps 
an  order  of  magnitude  higher  than  the  typical  TO-3  or  TO- 
220  power  MOSFET,  and  it  has  a  definite  impact  on  the 
driver  design.  Moreover,  when  high  currents  are  switched  at 


high  speed,  the  parasitic  circuit  inductances  in  a  practical 
circuit  become  significant.  At  drain  currents  greater  than 
50A,  a  di/dt  on  the  order  of  5  A/ns  is  readily  achievable.  At 
this  speed,  parasitic  circuit  inductances  become  first-order 
determinants  of  performance  for  200-A  MOSFETs.  As  drain 
current  is  increased,  di/dt  increases  also.  Consequently,  the 
higher  di/dt  causes  a  larger  voltage  to  develop  across  the 
parasitic  circuit  inductance.  At  turn-off,  this  voltage 
positively  biases  the  gate,  and  hence  increases  crossover 
time.  If  the  voltage  developed  across  the  parasitic  circuit 
inductances  is  countered  by  a  negative  gate  bias,  the 
crossover  time  is  decreased  [3].  Therefore,  for  storage  ring 
CMPSs,  Type  I  and  II  BPSs,  a  negative  gate  bias  of  -5  V  is 
applied  to  the  switch  SI  (S2)  during  OFF  time.  But  for  Type 
III  BPSs  only  a  positive  gate  signal  from  an  IC  MOSI%T 
driver  is  applied  to  the  switch  since  the  magnet  current  is 
about  20A  range. 

V.  PROTECTION 

A.  Input  capacitor  protection 

When  both  switches  SI  and  S4  (or  S2  and  S3)  arc  opened 
due  to  any  undcsired  failure,  the  energy  stored  in  the  magnet 
has  to  be  dumped  into  the  input  capacitor  via  the  anti-parallel 
diodes  D2  and  D3  (or  D1  and  D4).  In  this  case,  the  input 
capacitor  voltage  will  exceed  its  voltage  rating  (100  V  for 
example).  Therefore,  the  input  capacitor  must  be  protected 
from  exceeding  its  voltage  rating. 

The  idea  to  limit  the  input  voltage  is  as  follows. 
Whenever  the  power  supplies  need  to  be  shut  down  due  to 
any  fault  condition,  we  need  to  make  sure  that  the  upper 
switch  SI  (or  S2)  is  opened  first ,  and  the  bottom  switch  S4 
(or  S3)  is  opened  some  time  later  to  allow  the  magnet  current 
to  decay  through  the  normal  freewheeling  path  and  not 
through  the  input  capacitor. 

B.  Monitoring  and  interlocks 

In  ordei  to  protect  the  power  supply  system,  the 
monitoring  circuitry  monitors  some  important  parameters, 
such  as  magnet  current,  input  bus  voltage,  temperatures  of 
switches,  cooling  water  temperature  and  pressure,  and  bias 
supply  condition.  If  any  fault  condition  is  detected,  a  shut 
down  signal  is  generated  to  disable  the  gating  signals. 

VI.  References 

(IJ  O.  D.  Despe,  "Arbitrary  Function  Generator  for  APS  Injector 
Synchrouon  Correction  Magnets,"  ANL  Light-Source  Note, 
LSN'158,  November  1990. 

12]  W.  Praeg,  "Frequency  Response  of  Storage  Ring  Magnets, 
Eddy  Cunent  Shielding  of  Vacuum  Chamber,"  ANL  Light- 
Source  Note,  LSN45,  December  1985. 

[3]  W.  Schultz,  "  Multichip  Power  MOSFETs  Beat  Bipolars  at 
High  Current  Switching,"  Electronic  Design,  pp.  223-  232, 
June  1984. 


913 


Circuit  Description  of  the  Power  Systems  for  Pulsed  Septum  Magnets  at  APS  * 


D.  G.  McGhee 
Argonne  National  Laboratory 
9700  S.  Cass  Avenue 
Argonne,  IL  60439-4814 


ABSTRACT 

This  paper  describes  the  design  and  simulation  of  power 
circuits  for  the  4  Advanced  Photon  Source  (APS)  pulsed 
septum  magnets  which  will  be  transformer  type  or  transformer 
coupled  to  their  switching  circuits.  Three  are  for  synchrotron 
injection,  extraction  and  Storage  Ring  injection,  operating  at  a 
2  Hz  pulse  rate;  one  is  for  the  Positron  Accumulator  Ring 
(PAR)  operating  at  a  60  Hz  pulse  rate  for  both  injection  and 
extraction.  The  septum  current  pulse  is  approximately  a  half¬ 
sine-wave  with  a  base  width  of  approximately  1/3  ms  and  a 
peak  current,  repeatable  within  ±  0.05%,  in  the  transformer 
primary  between  3.5  kA  and  4.7  kA.  The  septum  magnets 
have  a  primary  inductance  between  16  pH  and  23  pH.  Circuit 
design  considerations  of  the  switching,  logic  and  simulations 
arc  presented. 

I.  INTRODUCTION 

The  transformer  septum  magnets  must  be  pulsed  at  a  60 
Hz  rate  to  inject  beam  from  a  450  MeV  positron  linac  into 
the  PAR  and  extract  beam.  Of  the  60  pulses  per  second,  the 
first  24  are  used  for  injection,  25  through  29  are  not  used  and 
30  is  used  for  extraction. 

The  other  3  septum  magnets  will  be  operated  at  a 
repetition-rate  of  2  Hz.  Two  of  the  magnets  are  identical 
transformer  type  septum  magnets  which  operate  at  the  same 
values.  These  are  the  synchrotron  extraction  and  the  storage 
ring  injection  magnets  with  a  primary  inductance  of  23  pH 
and  resistance  of  6.3  mO,  and  must  be  pulsed  at  2  Hz  to 
extract  beam  from  the  synchrotron  and  inject  beam  into  the 
storage  ring  at  7.7  GeV.  The  third  septum  magnet  is  used  to 
inject  electrons  into  the  synchrotron  at  650  MeV  or  positrons 
at  450  MeV,  and  is  also  a  transformer  septum  magnet,  with  a 
primary  inductance  of  21  pH,  a  resistance  of  6.7  mQ,  and 
must  be  pulsed  at  2  Hz. 

The  power  supplies  are  designed  to  produce  pulses  of 
approximately  a  half  sine-wave  having  a  base  width  of  about 
1/3  ms  and  peak  currents  repeatable  within  ±0.05%  and 
adjustable  from  470  A  to  4.7  kA.  A  few  ms  after  the  forward 
current  pulse,  the  magnet  steel  is  reset  by  a  half-sine  pulse  of 
reverse  polarity.  Use  of  a  transformer  design  minimizes  the 
cost  of  the  capacitors  used  for  energy  storage. 

During  injection  and  extraction  from  the  PAR  and  the 
synchrotron,  as  well  as  injection  into  the  storage  ring,  the 
septum  magnets  must  be  pulsed.  The  combined  rise  and  fall 
time  of  the  pulse  should  be  <  1/3  ms  with  a  flat-top  lime  of 
>1  ps.  These  requirements  can  be  met  with  a  capacitor 


discharge  circuit  that  is  resonant  with  the  septum  magnet  at  a 
frequency  of  approximately  1500  Hz.  The  p^  currents  in  the 
transformer  primaries  range  from  3800  A  to  4227  A  and  ranges 
from  1 1400  A  to  16888  A  in  the  secondaries. 

These  requirements  can  be  met  with  a  half  sine-wave 
pulse.  This  is  accomplished  by  discharging  the  energy  stored 
in  capacitor  bank  C2  into  the  magnet  as  illustrated  in  Figs,  la 
and  lb.  On  triggering  the  forward  thyristor  S3,  the  energy 
stored  in  C2  between  pulses  is  discharged  into  the  mapet 
circuit.  S3  turns  off  at  the  end  of  the  first  half-cycle  of  the 
damped  oscillation.  C2  is  then  left  with  a  smaller  charge  of 
opposite  polarity  until  reverse  thyristor  S4  is  triggered  and  the 
second  half-cycle  takes  place  with  current  flowing  in  the 
opposite  direction.  The  difference  between  the  initial  and  the 
final  charges  is  furnished  by  the  charging  supply  between 
septum  pulses. 


Fig.  la.  Magnet  pulse  sv.  itching  circuit 
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Fig.  lb.  Magnet  current  and  voltage  waveforms 


II.  SWITCHING  CIRCUITS 


Circuil  Equations 

The  switching  cucuits  for  these  4  septum  magnets  operate 
the  samc.f^l  When  capacitor  C2  of  Fig.  la  is  discharged  into 
the  load,  an  oscillatory  current  will  result,  provided  the  total 
resistance  in  the  circuit  is  sufficiently  low. 
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Hie  resonant  fipequency  of  the  circuit  is: 

fr  =  6/2K.  [sh  (1) 

where  B=((l/LmC2)W/4LmV-^  [s*^] 

C2scq)acitorbank  [F] 

Lm  s  total  circuit  inductance  [H] 

Rm  -  total  circuit  resistance.  [Q] 

The  current  at  any  time  is: 

i»(E/BLn,)e*®*sinBt,  (A]  (2) 

where  t«  time  after  discharge  starts,  [s] 

a  »  Rin/2  Lm*  [s 

The  required  voltage  on  C2  for  the  different  peak  operating 
currents  is: 

Ec2  =  iBLm/e’®^  sin  6l  [V]  (3) 

The  time  where  the  current  reaches  its  first  peak  is: 

tpa  l/6tan*^  B/a.  [s]  (4) 


made  up  from  an  unregulated  dc  power  supply  powered  from  a 
3-phase  line,  for  the  PAR  septum  power  supply.  A 
commercial  IkW  regulated  dc  power  supply  PSl  and  capacitor 
bank  Cf  is  used  for  the  other  3  septum  power  supplies.  PSl 

has  constant  voltage  and  constant  current  mode  of  operation 
with  automatic  crossover.  This  allows  the  direct  connection  to 
Cf,  as  PSl  will  operate  in  the  constant  current  mode  until 

crossover  occurs  at  the  output  voltage  setpoint.  Capacitor 
bank  Cf  allows  the  losses  to  be  made  up  at  a  fixed  time  before 

the  next  pulse  of  the  main  switching  circuit.  The  controlled 
charging  circuit  is  comprised  of  L2,  C2,  S]  and  S2.  Gating 
on  of  Si  starts  the  charging  of  C2  from  the  dc  power  supply. 
At  time  0  supply  voltage  Ea  begins  to  drive  an  essentially 
sinusoidal  current  through  the  charging  circuit. 

E  =  iR2  +  L2(di/dt)  +  (I/C2)  Jq  ^  ic2  dt  [V]  (5) 

At  time  ti,  the  current  is  at  its  peak  and  L2  di/dt  =  0, 

E  =  iR2  +  (l/C2)iQ‘\2dt.  [V]  (Q 

Between  t|  and  t2  the  decaying  charging  current  generates  a 
voltage  L2  (di/dt)  which  aids  the  supply  voltage  to  charge 
capacitor  C2  to  a  voltage  larger  than  Ea.  In  the  case  where  R 
is  0,  this  voltage  will  be,  at  time  I2, 

Cc2  =  E  +  L  (di/dt)  =  2E.  [V]  (7) 


The  first  current  peak  does  not  occur  at  precisely  the  first 
quarter  period  of  die  discharge  cycle,  but  at  a  time  before.  The 

term  tan*^  6/a  describes  the  phase  angle  at  which  the  peak 
current  occurs. 

In  this  application,  Rm  is  made  appreciably  less  than  the 
value  for  critical  damping.  With  l/LmC2  >Rm^  /  4Lm^.  we 
can  write  6  •  l/(LmC2)®'^. 

in.  CONTROLLED  CHARGING-CHOKE  CIRCUIT 

Fig.  2  shows  the  controlled  charging-choke  circuit 
and  the  capacitor  discharge  circuit  of  Fig.  la  combined. 
Discharge  capacitor  C2  is  charged  and  recharged  to  make  up  the 
circuit  losses  incurred  by  pulsing  the  magneL  These  losses  are 


By  providing  a  thyristor  across  the  charging  choke  as  shown  in 
Fig.  2,  the  charging  cycle  can  be  terminated  at  any  instant 
between  times  tj  and  t^.  A  fraction  of  capacitor  voltage  ec2 

is  compared  with  a  reference  voltage.  When  the  capacitor 
voltage  is  ^  to  the  supply  voltage  at  time  tf,  a  pulse  can  be 
generated  which  turns  on  $2.  With  $2  conducting,  driving 
voltage  L2  (di/dt)  is  remov^  from  the  circuit  and  capacitor 
voltage  Cc2  is  larger  than  the  power  supply  voltage  Ea, 
thyristor  Sj  is  back-biased  and  charging  current  i^2 
The  current  ii2  flowing  in  choke  L2  at  time  t^  will  decay  with 
a  time  constant  L2/R2>  where  R2  is  the  resistance  of  the  choke 
and  thyristor  $2  circuit.  Thyristor  S2  remains  on  until  Sj  is 
gated  on  starting  the  charge  cycle  again  or  until  the  choke 
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current  decays  to  0.  The  current  flowing  in  the  choke 
when  $2  is  turned  off  will  aid  in  charging  capacitor  C2  (the 

energy  0.5  L2  iL2^  is  returned  to  the  circuit).  This  makes  the 
circuit  very  efficient 

It  should  be  noted  that  the  Q  of  the  discharge  circuit  in 
Fig.  la  must  be  <S  for  this  charging  circuit  to  operate 
properly.  As  the  Q  increases,  current  flowing  in  choke  L2 
will  decrease.  This  decreases  the  operating  range  of  the 
charging  circuit 

Pulring-ihg-Ntoe:  Witliout.R6SQttin8.lhg  Care 

Heat  losses  in  the  magnet  can  be  cut  as  much  as  1/3  by 
not  gating  S4,  but  the  magnet  core  will  not  be  reset  This 
mode  of  operation  allows  the  dc  power  supply  and  fllter  to 
operate  at  a  lower  voltage.  Also,  the  circuit  Q  could  be 
increased,  thus  increasing  the  operating  efficiency.  Fig.  3 
shows  the  change  in  charging  time  for  the  first  6  charge  cycles 
of  capacitor  C2  with  S4  gated,  and  Fig.  4  shows  the  first  9 
charge  cycles  without  S4  gated.  It  should  be  noted  the  first 
charge  cycle  is  the  longest  in  both  cases,  and  the  second  is 
next  longest  without  S4  gated  and  the  shortest  with  S4  gated. 
Steady-state  requires  between  6  and  20  pulses,  depending  on 
the  circuit  Q. 


VI.  SIMULATION  RESULTS 

All  4  of  the  septum  magnet  and  power  supply  circuits 
were  simulated  with  a  piecewise  simulation  program.1^1 
Typical  waveforms  for  the  pulsed  septum  magnets  operating 


at  2  Hz  are  shown  in  Figs.  Sa,  Sb  and  Sc.  The  simulated 
waveforms  have  a  varied  time  axis  so  that  they  show  in  detail 
what  happens  during  the  charge  and  discharge  of  C2. 


Fig.  Sa.  Simulation  of  current  in  inductor  IL2,  c^iacitor  Cf 
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Fig.  Sb.  Simulation  of  voltages  across  capacitors  Cf  and  C2 


Fig.  Sc.  Simuhtion  of  current  in  inductor  ILm  and 
capacitor  Cf 
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Abstract 

The  ring  magnet  of  the  injector  synchrotron  consists  of 
68  dipole  magnets.  These  magnets  are  connected  in  series 
and  are  energized  from  two  feed  points  ISO**  apart  by  two 
identical  12-phase  power  supplies.  The  current  in  the  magnet 
will  be  raised  linearly  to  ateut  1  kA  level,  and  after  a  small 
transition  period  (1  ms  to  10  ms  typical)  the  current  will  be 
reduced  to  below  the  injection  level  of  60  A.  The  repetition 
time  for  the  current  waveform  is  SOO  ms.  A  relatively  fast 
voltage  loop  along  with  a  high  gain  current  loop  are  utilized 
to  control  the  current  in  the  magnet  with  the  required 
accuracy.  Only  one  regulator  circuit  is  used  to  control  the 
firing  pulses  of  the  two  sets  of  identical  12-phase  power 
supplies.  Pspice  software  was  used  to  design  and  simulate 
the  power  supply  performance  under  ramping  and  investigate 
the  effect  of  current  changes  on  the  utility  voltage  and  input 
power  factor.  A  current  ripple  of  ±2x10'^  and  tracking  error 
ofiSzlO"^  was  needed. 

I.  INTRODUCTION 

Each  power  supply  consists  of  four  phase  controlled  half¬ 
wave  wye  group  converters.  Each  of  the  two  half-wave 
converters  are  connected  through  an  interphase  transformer 
to  obtain  a  120**  conduction.  The  input  voltage  for  these  two 
half-wave  converters  are  60**  apart.  In  order  to  obtain  the 
high  voltage  needed  for  the  load,  two  of  the  full-wave 
converters  are  connected  in  series.  The  power  supply  is 
equipped  with  a  passive  L-C-R  filter  to  reduce  the  ripple 
content  of  the  output  current.  The  large  size  of  the  filter  is 
reduced  by  adding  anti-parallel  thyristors  to  the  output  of  the 
power  supply.  At  low  current  level  these  thyristors  are 
turned  on  until  the  current  reaches  the  flat  -top  then  the  firing 
pulses  of  these  thyristors  are  removed  and  the  power  supply 
is  pulsed  for  full  conduction.  The  output  of  the  power  supply 
will  back  bias  the  thyristors  and  force  them  to  commutate. 
The  power  supply  output  will  be  ramped.  During 
acceleration  the  power  supply  will  operate  as  a  rectifier  and 
inject  current  into  the  magnet  while,  during  reset  the  power 
supply  operates  in  inversion  and  bucks  the  voltage  across  the 
magnet.  To  regulate  the  current  in  the  magnet  a  high 
precision,  low  drift,  zero  flux  current  transductor  is  used. 
This  iransductor  senses  the  magnet  currem  and  then  provides 
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the  controlling  signal  through  the  regulator  for  the  firing 
pulses  of  the  thyristors  in  the  converters.  A  IS  bit  Digital  to 
Analog  Converter  (DAC)  is  programmed  by  the  control 
computer  for  the  required  current  shape.  The  DAC  provides 
the  reference  for  the  current  regulator.  Fast  correction  for 
the  line  transients  is  provided  by  a  relatively  fast  response 
voltage  loop  controlled  by  the  high  gain,  slow  response 
current  loop.  Only  one  regulator  circuit  is  used  for  two 
power  supplies.  This  regulator  controls  the  firing  pulses  for 
two  sets  of  identical  12-phasc  thyristor  power  supplies.  These 
pulses  are  transmitted  via  optical  links.  Figure  1  shows  the 
block  diagram  for  power  supplies  connected  to  magnet  load. 

II.  BASIC  Requirement 

The  voltage,  current  and  regulation  requirements  for 
synchrotron  dipole  magnets  arc  given  below  [1]; 

Injection  Current  [A]  61 

Extraction  Current  [A]  1044 

Injection  Voltage  (V)  42, 1 140 

ExtracUon  Voltage  [V]  724, 1822 

Reset  Voltage  [V]  -373,  -1055 

Regulation  (AI/I^„) 

Reproducibility  ±1x10'^ 

Current  Ripple  ±2x10  '* 

Tracking  Error  ±5x10'* 

III.  DESIGN  AND  RESULTS 
A.  Filler  Design 

A  filter  with  the  cut-off  frequency  of  720  Hz  was 
designed  to  eliminate  the  fundamental  and  higher  harmonics 
of  the  current  in  the  power  supply.  The  transfer  function  of 
the  filter  is  given  in  the  following  [2]: 

®o  ^^2+  1 

f  =  -T - ^ -  (1) 

S  r2LjCj  +  S  (1  jT2  +  LjCj  +  LjC2)  +  SCf|  +  T2  +  fj)  +  1 

where  Tj  —  RjCj,  T2  —  R2C2 ,  T^  —  R|C2  ,  Lj  ~  10  mH, 
C,=  14.25  iiF,C2=  142.5  idF  and  R2=  16.8112. 
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B.  Regulator  Design 

In  order  to  track  the  current  reference  with  the  desired 
accuracy,  a  controller  with  very  high  gain  is  needed.  A 
proportional  plus  integral  (PI)  controller  can  provide  such  a 
high  gain.  Both  current  and  voltage  loops  utilize  PI 
controllers.  The  voltage  loop  time  re^nse  is  set  to  correct 
for  720  Hz  ripple  produced  tefore  the  main  fdter.  However, 
the  time  constant  of  the  current  loop  is  set  equal  to  the 
magnet  time  constant  to  obtain  a  proper  control. 

The  p^ice  software  was  used  to  simulate  the  behavior  of 
the  synchrotron  dipole  power  supplies.  In  our  studies  the 
following  assumptions  were  made; 

a)  The  impedance  of  the  AC  source  connected  to  the 
power  supply  was  assumed  to  be  S%  .  This  information  was 
needed  to  study  the  voltage  drop  at  the  transformer  terminals. 

b)  20%  imbalance  of  AC  source  voltage  was  considered 
to  evaluate  the  effect  of  interphase  transformers. 

Our  study  consists  of  three  parts  as  follows: 

1)  The  rated  input  voltage  was  applied  to  the  power 
supply  and  the  current  in  the  magnet  was  ramped  60  A  to 
10^  A.  Ripple  content,  linearity  of  current  and  controller 
tracking  capability  was  then  evaluated. 

2)  The  effect  of  harmonics  current  injected  from  the 
power  supply  to  the  utility  line  was  investigated. 

3)  Input  kVA  and  power  factor  for  the  power  supply  at 
different  load  level  were  computed. 

Part-1:  The  results  which  were  obtained  from  the 
simulation  of  the  power  supply  indicated  that  the  controller 
can  track  the  current  reference  within  the  specified  limit. 


Figure  2  represents  the  tracking  capability  of  the  controller. 
For  current  level  between  5%  to  1()0%  of  rating  current  the 
difference  between  reference  and  actual  magnet  current  is 
always  less  than  0.005%.  The  obtained  value  of  the  current 
error  confirms  the  specified  tracking  capability  of  the 

controller. 

Current  [A] 


Figure  2.  Typical  synchrouon  magnet  current  waveform 

Part-2;  The  harmonic  contents  of  the  input  current  can  be 
calculated  by  the  following  equation  [3]: 

~  ^  ^  ■^cosl3(ot...]  (2) 
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;:  where  1^  is  the  dc  current  in  the  magnet,  N  is  the  transformer 

turn  ratio  and  i,  is  the  ac  input  line  current.  The  above 
s  equation  indicates  that  the  line  current  has  harmonics  of  the 
order  h  =  12k±l,  where  k  is  an  integer  witli  values  k  = 

li2,..f. 

Power  [kW] 


ouq>ut  current,  ii)  Proportional  plus  integral  controller  for 
both  current  and  voltage  loop  was  required,  iii)  The  power 
supply  injects  harmonics  of  the  order  of  h  =  12k±l  into  the 
utility  line.  A  stiff  system  with  reasonably  large  substation 
transformer  was  recommended  to  correct  this  effect. 

P.F. 


Figure  4.  Power  factor  variation  of  power  supply  during 
rectification  and  inversion. 


RgureS.  Input  power  variation  during  rectification  and 
inversion 

The  harmonic  currents  injected  into  the  utility  line  by  the 
power  supply  can  be  eliminated  by  addition  of  a  filter  to  the 
input  of  the  power  supply.  However,  the  filter  design  must 
take  account  of  the  ac  system  impedance  at  harmonic 
frequencies  in  order  to  provide  adequate  filtering  and  to 
o/oid  certain  resonance  conditions.  The  system  impedance 
depends  on  the  system  configuration,  loads,  generation 
pattern,  and  transmission  line  in  service.  Therefore,  any 
change  in  the  system  configuration  will  .^uire  tl^ 
modification  of  the  filter.  However,  the  harmoruc  contmts 
of  the  current  have  a  minimal  effect  tm  a  stiff  system. 
Transmission  lines  with  low  impedance  and  iai-ge  substation 
transformer  can  provide  a  stiff  system. 

Part-3  The  calculated  rating  of  each  power  supply  is  930 
kVA.  The  power  supply  power  factor  for  different  output 
current  values  are  c^culated  and  plotted  in  Fig.  4.  Ibe 
effect  of  ac  line  voltage  change  on  the  output  dc  cunent  was 
also  examined.  Ilie  line  voltage  was  gradually  reduced  from 
100%  to  95%  rating  within  ISO  ms  and  then  was  boosted  to 
its  rated  value.  Figure  S  shows  the  line  voltage  change 
along  with  output  dc  current.  It  can  be  noticed  that  the  fast 
response  of  the  voltage  loop  can  coneet  or  the  input  ac  line 
chwges. 

IV.  CONCLUSION 

A  twelve-pulse  phase  controlled  power  supply  was 
designed  and  simulate,  i)  It  was  concluded  that  due  to  the 
large  amount  of  inductance  in  the  load,  a  small  amount  of 
filtering  was  required  to  suppress  the  ripple  contents  of  the 


vj 


Figure  S.  Effect  of  line  voltage  change  on  output  dc  current. 
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Absinci 

The  TRIUMF  KAON  Factory  consists  of  5  rings,  3  of 
which  are  dc  powered  and  2  synchrotrons  running  at  50  Hz 
and  10  Hi,  respectively.  This  paper  deals  with  the  power 
supply  system  envisaged  for  the  accelerator  ac  well  as  the 
experimental  results  obtained  using  d<'-biased  single  and 
dual  frequency  resonant  magnet  excitation  for  the  booster 
and  driver  synchrotrons. 

I.  Dc  Rings 

A,  C  &  E  ring  dipoles  and  quadrupoles  are  designed  for 
1000  A,  with  0.001%  current  regulation  required  for  E  ring 
dipoles.  This  regulation  requirement  almost  precludes  the 
use  of  SCR  supplies.  Our  study  showed  that  large  switching 
supplies  were  feasible  and  economically  competitive  with 
active  Altered  12  or  24  pulse  SCR  equipment.  Power  supply 
ratings  of  450  Vdc,  1000  A,  current  regulated  to  0.001%, 
meet  requirements  for  most  of  the  dc  magnet  strings.  One 
unit  powers  all  A  riag  dipoles.  With  series  voltage  sources, 
power  is  provided  to  the  C  and  E  ring  dipoles.  The  same 
unit  is  used  for  quadrupoles.  A  full  power  prototype  was 
built  which  met  design  criteria. 

II.  Acciq'.eration  Rings 

Booster  and  Driver  ring  magnets  require  dc  biased  ac 
excitatbn  with  repetition  rates  of  50  Hz  and  10  Hz  respec¬ 
tively.  Typical  current  waveforms  are  shown  in  Fig.  1. 

To  minimize  ac  line  disturbances,  resonant  magnet  ex¬ 
citation  was  selected  as  proposed  by  J.A.  Fox  [1].  D  ring 
dual  frequency  operation  is  as  proposed  by  Praeg  [2]  .  The 
3  to  1  rise  to  fail  ratio  results  from  switching  out  of  8/9 
of  the  resonant  capacitance  during  the  reset  period,  riiis 
mode  of  operation  was  verified  using  NINA  magnets  in  our 
magnet  test  stand. 

Dc  bias  is  provided  by  a  12  pulse  SCR  unit  delivering 
650  Vdc  ®  3000  A  acting  in  series  with  a  number  of  volt¬ 
age  sources.  Dc  bias  is  inserted  in  a  modified  resonant  cell 
.'here  the  bias  supply  is  nH  subject  to  the  alternating 
current  component.  Ac  makeup  power  flows  through  the 
bypass  capacitor  which  is  in  parallel  with  the  supply  An 
80  V  dc  3000  A  supply  was  used  as  the  bias  supply  in  the 
magnet  test  stand. 

A.  Ac  Makeup  Power 

Ac  makeup  power  which  serves  to  excite  and  control 
the  resonant  response,  is  coupled  via  primary  windings 
on  the  dc  bypass  ci.okes.  Booster  makeup  power  may  be 

0-7803-0135-8/91$01.00  ©IEEE 


Figure  1;'  a)  Booster  dipole  current  cycle  (SO  Hz),  b) 
Driver  dipole  current  cycle  (10  Hz). 

sinusoidal.  The  Driver,  however,  which  has  dual  frequency 
components,  requires  distributed  pulse  forming  networks 
which  provide  a  power  makeup  pulse  during  the  accelera¬ 
tion  interval.  Thi.i  method  was  verified  experimentally  on 
t.be  magnet  for  both  Booster  and  Driver  applications. 

B.  Dc  Bypass  Chokes 

Various  competing  designs  were  developed  and  yet  need 
to  be  refined  for  the  final  configuration. 

C.  Quadrupoles 

F  and  D  quadrupole  resonant  networks  are  slaved  to  the 
dipole  circuit.  Straight  section  quadrupoles,  sextupoles  and 
COD  magnets  are  driven  by  programmable  supplies. 

D  Control 

All  magnet  power  supplies  have  their  own  controllers 
which  communicate  to  the  central  control  system  via  coax¬ 
ial  cable.  The  controller  contains  digital,  analog  and  ADC 
circuitry  required  for  either  local  or  remote  operation  of 
the  power  supply.  These  units  are  based  on  existing  G-64 
format  controllers  currently  in  use  at  CERN. 

Ill  Experi.me.ntal  Work 

A  lest  facility  was  set  up  to  investigate  resonant  circuit 
parameters  at  intermediate  and  full  operating  power  levels. 

Preliminary  tests  were  carried  out  using  NINA  magnets 
to  investigate  dual  frequency  resonance  as  it  would  apply 
to  the  Driver  ring  Tests  were  conducted  at  50  Hz  nominal 
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Figure  2:  Dual  frequency  test  circuit. 


repetition  rates  with  33.3  Hz  rise  and  100  Hz  fall  compo¬ 
nents.  The  results  of  this  investigation  were  a  first  step 
in  choosing  appropriate  parameters  for  the  full  system  de¬ 
sign  as  they  would  apply  to  the  Booster  and  Driver  syn¬ 
chrotrons  [3-6].  Test  circuit  shown  in  Fig.  /!. 

A  Booster  dipole  prototype  was  constructed  and  the  test 
facility  was  reconfigured  to  excite  the  magr.et  to  full  oper¬ 
ating  level  at  50  Hz  with  dc  bias,  for  iragnet  measurement 
purposes  (Fig.  3).  Various  tests  were  c.trried  out  at  50  and 
33  Hs  to  establish  circuit  performance.  The  results  of  these 
tests  with  regards  to  the  shift  in  the  natural  resonant  fre¬ 
quency  as  a  function  of  excitation  and  the  implications 
on  ac  makeup  power  requirements  help  to  define  system 
requirements  as  well  as  giving  a  good  basis  for  the  devel¬ 
opment  of  the  various  control  loops  [6].. 

IV.  Test  Results 

The  following  graph  (Fig.  4)  presents  results  obtained 
while  maintaining  a  constant  voltage  from  the  high  volt- 


Frequency  (Hz) 

Figure  4:  Ac  makeup  source  current,  pulse  peak  current 
and  tms  magnet  current  as  a  function  of  driving  fre¬ 
quency  with  Viource  constant. 


age  ac  makeup  supply  with  a  starting  magnet  current  of 
500  A  rms.  The  frequency  of  the  makeup  pulse  was  then 
varied  from  optimum  to  see  the  resulting  changes  in  power 
requirement  from  the  source.  This  test  simulates  a  change 
of  natural  resonant  frequency  from  the  nominal  operating 
point.  Plotted  are  source  current,  peak  pulse  current,  and 
magnet  rms  current  vs.  frequency. 

Figure  5  shows  the  variation  of  the  system  natural  res¬ 
onant  frequency  as  a  function  of  ac  excitation  and  dc  bias 
level  variation  (32  Hz  case). 

Figure  6  shows  the  variation  of  ac  makeup  power  as  a 
function  rms  magnet  current  and  dc  bias  level  (32  Hz  case). 
The  frequency  characteristics  are  as  presented  in  Fig.  5. 

Figure  7  shows  the  variation  of  the  system  natural  res¬ 
onant  frequency  as  a  function  of  ac  excitation  and  dc  bias 
level  variation  (50  Hz  case). 


PS 


RMS  Magnet  Current  (kA) 

Figure  5:  Ac  makeup  power  as  a  function  of  excitation 
(32  Hz  case). 


RMS  Mqgnet  Current  (kA) 


Figure  6:  Shift  in  natural  resonant  frequency  as  a  function 
of  excitation  (32  Hz  case). 
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Figure  7:  Ac  makeup  power,  ^  a  function  of  excitationi 
(50  Hz  case). 


Figure  8:  Shift  in  natural  resonant  frequency  as  a  function 
of  excitation.  50  hz  case. 

V.  Conclusions 

To  obtain  stable  system  operation,  it  is  advantageous  to 
excite  the  resonant  circuit  slightly  off  the  natural  resonant 
frequency,  which  will  drift  as  a  function  of  temperature 
and  other  parameters.  This  results  in  a  fixed  operating 
frequency.  The  power  required  from  the  ac  energy  makeup 
varies  depending  on  the  difference  between  the  operating 
point  and  the  natural  resonant  frequency.  System  detuning 


frphi  qptinium  can  be<monitbred  by  observing  the  yaria- 
tions  jri  power  delivered  by  the  ac  makeup  supply.  Dynamic 
tuiiing  correcti6mby4he  adjustihent  qfithe  resonaht  capac-, 
jtance,  allows  the  system  to  operate  at;  optimum  poweref- 
ficiehcy.  These  adjustments  should  be  relatively  infrequent 
and  are  onlymecessary  when  .the. normal: dynamic  bperat- 
ihg^ra ngf  is  exceeded. 

Cbmponents  for  the  ac:power.  makeup  pbrtiori  of  , the 
driven;  slaved  quadrupble  resonant  system  must  be  over-. 
rated;by  some  factor  of  SO  to  50%  from  npniihal  tb-allow 
for  sufficient  dynamic  operating  range  to  track  the  dipoles, 
as  well  as<  to  Have  sufficient  capacity  to.de^  with  natural 
resonant  frequency-shifts, 

Test  results  show  that  due  to  the  high  Q  of  thexircuits, 
a  relatively  small  misihatch  effectively  doubles  the  current 
requirement  from  the:powef  supply  feeding  the  piilse  fprrn- 
ihg  network.  This  implies  that  the  mominal  rating  of  the 
supplyirhust  be  significantly  higher  than  required  for  bpti- 
rhuin  tiihc.  The  average  current  rating  . of  the  pulse  form¬ 
ing,  network- charging  inductor  must  be  conservative.  The 
inisrhatclralso  results  iii  significantly  higher  peak  currents 
through  the  PFN  switch  and;  discharge  inductor  which 
must  be  appropriately  ratedi  The  discharge  inductor  must 
stay  out  of  saturationrsince  its  indm  tance  directly  effects 
the  width  of  the  power  makeup  pulse  which  should  stay 
constant,  otherwise  the  result  will  be  system  instability. 
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Abstract 

To  meet  conflicting  requirements  for  low  ripple,  high 
stability,  wide  bandwidth,  high  efficiency,  and  low  radiated 
EMI,  a  s^mchrotron  dipole  power  supply  was  built  with  an 
SCR  tap-switched  primary  isolation  transformer  and  linear 
bipolar  transistor  passbank.  Numerous  operational  problems 
encountered  after  delivery  and  installation  have  necessitated 
a  major  overhaul  of  many  of  the  supply’s  systems  to  meet 
full  accelerator  design  goals.  Particular  emphasis  is  paid  to 
the  technique  for  switching  taps  on-the-fly  for  reliable 
operation. 

I.  Introduction 

In  October  of  1983  the  Indiana  University  Cyclotron 
Facility  began  construction  of  a  500  MeV  electron  cooled 
storage  and  acceleration  ting.  The  ring  is  hexagonal  in 
shape  with  she  sets  of  dipoles.  The  dipoles  placed  a  number 
of  conflicting  requirements  on  the  power  supply  required  to 
drive  them; 

1. )  Low  current  ripple  (5  mA  @  1650A) 

2. )  High  DC  current  stability  during  fill  and 

flattop  (<10  PPM) 

3. )  Only  moderate  time  constant  of  dipoles  available 

for  filtering  voltage  ripple  (2.2  sec) 

4. )  Fast  cycling  (2-4  sec  ramp  from  45  to  500  MeV) 

5. )  ■’Reasonable"  efficiency 

6. )  Restriction  on  the  use  of  phase  controlled  SCRs 

due  to  close  proamity  of  experimental  equipment 
to  power  supplies  (and  consequent  coupling  of  line 
noise  into  sensitive  detector  and  beam  monitoring 
sensors) 

Dipole  requirements  were  for  1650A  and  a  peak  load  voltage 
of  185V  at  500  MeV,  1  Tm/sec. 


While  a  normal  type  of  supply  for  this  application  would 
usually  be  an  SCR  phase  controlled  supply  with  damped  LC 
filter  and  probably  mvert-to-the-Une  mode  of  operation, 
requirements  1.),  3.),  6.),  and  possibly  4.)  would  seem  to 
work  against  sudi  a  topology.  Consequently,  a  specification 
was  written  favoring  the  use  of  a  linear  bipolar  transistor 
passbank  and  tap  changed  primary  isolation  transformer 
tapped  for  70%  (overwound),  100%,  and  130%  secondary 
output  voltage  that  would  be  connected  to  the  600VAC  line 
by  back-to-back  SCR  pairs.  A  vendor  was  selected  and  the 
supply  built,  tested,  and  installed  in  the  facility.  A  block 
diagram  of  the  supply  appears  as  Fig.l. 


Figure  1.  Tap^ihanging  supply  block  diagram 


Numerous  problems  were  encountered  in  the  first  two 
years  while  the  Cooler  ring  was  being  shaken  down  and 
commissioned.  After  inordinate  expenditure  of  limited 
manpower  resources  m  trying  to  keep  the  system  operational 
and  the  fact  that  the  supply  could  not  reliably  ramp  beyond 
287  MeV  the  decision  was  made  in  late  1989  to  overhau-  the 
entire  tap-change  scheme.  The  folloimg  sections  recount 
progress  in  overcoming  limitations  of  the  supply  and  appear 
in  rough  chronological  order;  typically  only  one  upgrade  at 
a  time  was  mstalled  due  to  the  tight  running  schedule. 
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II.  Passbank  overpower  protection 

During  the  acceleration  portion  of  an  operating  cycle  the 
supply  normally  requires  130%  (tap3)  selection  to  provide 
inductive  forcing  voltage  (Ldi/dt)  to  the  load.  As  the  ramp 
be^’ns  to  round  off  and  head  into  flattop  the  load  voltage 
drop,^  rapidly;  excess  voltage  from  being  on  tap3  is  now 
forced  across  the  passbank  until  the  supply  can  fully  com¬ 
plete  a  downshift  to  100%  (tap2),  initiated  by  either  VCEHI 
or  HIPOWER  (Fig.l)  in  conjunction  mth  the  external 
computer  command  blowing  it  to  start  the  downshift. 
Timing  here  becomes  quite  critical  as  the  passbank  DC 
disdpation  limit  is  only  70  kW  and  passbank  power  levels 
can  easily  exceed  100  kW  while  waiting  to  downshift. 

To  overcome  these  deficiencies  a  passbank  power 
monitor  board  was  constructed  to  closely  model  the  second- 
breakdown  portion  of  the  D60T  passbai^  power  transistors. 
Computed  power  is  determined  by  multiplying  collector 
current  and  passbank  voltage.  This  is  then  fed  to  an  RC 
network  to  do  a  first-order  appronmation  of  the  transistor 
hot-spot  temperature.  This  signal  then  feeds  a  comparator 
that  ^uts  off  drive  to  the  tap-change  SCRs  in  the  event  of 
overpower,  Raw  DC  collapses  within  10  msec  and  the 
passbank  power  stress  is  relieved.  To  backup  this  primary 
overpower  system  two  slower  overpower  interlocks  from  the 
eidsting  systems  function  to  drop  out  the  main  contactor. 
While  previous  overpower  events  had  destroyed  transistors 
by  the  dozens  we  have  now  completed  two  years  of  running 
with  no  further  transistor  failures. 


Table  1 

SCR  ON/OFF  sensing 


Method 

Pro 

Con 

Current 

‘low  cost,  simple 

‘poor  signal-to-noise 

sensing 

ratio 

‘not  inherently  failsafe 

Voltage 

‘good  signal-to-noijc 

‘complex 

sensing 

ratio  over  many 

decades  of  SCR 
current 
‘failsafe 


The  degree  of  "failsafeness"  refers  to  whether  the  system 
would  allow  a  tap  change  in  the  event  of  typical  component 
failures;  bad  CTs,  broken  connectors  and  so  on  would  ^ve 
a  "no  current,  OFF  status  allowing  a  new  tap  to  be  loaded 
while  an  existing  tap  was  still  energized.  Similar  failures 
with  voltage  sensing  (bad  PTs,  broken  connectors,  etc.) 
would  give  a  "no  voltage,  ON"  status  and  inhibit  new  tap 
loads;  at  worst  a  phase  imbalance  interlock  would  occur  as 
opposed  to  SCR  fuse  failures.  A  block  diagram  of  the  tap 
change  technique  appears  as  Fig.  2.  Because  we  were  not 
interested  in  precise  values  of  SCR  anode-cathode  voltages 
(anything  over  15  volts  was  considered  OFF)  a  series  of 
inexpensive  SOVA  600/120V  machine  tool  control  trans¬ 
formers  were  used  as  SCR  potential  transformers. 


III.  Tap  change  scheme 

Originally  the  supply  was  intended  to  initiate  tap 
changes  based  on  both  internal  status  signals  (VCEHI, 
VCELO,  and  HIPOWER)  and  external  control  computer 
signals  (to  prevent  tap  changing  while  not  ramping). 
Operationally  there  were  territorial  disputes  from  this 
combined  hardware/software  tap  change  scheme.  The 
upgrade  called  for  only  internally  triggered  svntching  to  be 
used.  Also,  to  make  use  of  only  internal  trigger  signals  a 
series  of  tests  detennined  that  tap  changes  would  have  to 
execute  in  less  thaA  50  msec  in  order  to  avoid  overpower 
trips. 


Figure  2.  Tap  change  technique  (phase  A) 


Because  the  existing  tap  change  scheme  did  not  directly 
sense  SCR  status,  occasionally  blown  SCR  fuses  would  result 
from  multiply  energized  taps,  causing  several  hours  of 
downtime  to  replace.  In  the  upgraded  tap  change  logic, 
SCR  ON/OFF  sense  would  be  determined  by  either  SCR 
anode  current  sensing  or  SCR  anode-cathode  voltage 
sensing.  Pros  and  cons  for  the  two  approaches  are  shown  in 
Table  1: 


Results  after  8  months  of  runnmg  have  validated  the 
usefulness  of  the  technique.  No  further  SCR  fuse  failures 
have  occurred  while  ramping  to  record  energies  for  the  ring 
(485  MeV)  in  numerous  runs.  As  expected,  tap  changes  are 
fast  (10msec)  and  are  clean  step  changes  up  and  down. 
Because  of  the  immediate  success  of  the  technique,  further 
side  effects  of  the  tap-changing  approach  became  apparent 
above  the  former  287  MeV  supply  limit. 
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IV.  Supply  response  to  unregulated 

DC  STEP  CHANGES 

Fi’(er  Damping 

Rin^ng  of  the  input  filter  on  tap  changes  leads  to  small 
undershoots  in  the  unregulated  DC.  For  lower  energy 
ramps  (<  287  MeV)  these  could  be  tolerated  by  setting  the 
AC  input  voltage  slightly  high  by  using  the  inductrol  in  Fig. 
1.  For  higher  energy  ramps,  power  constraints  rule  out  this 
technique  and  as  a  consequence  transient  saturation  of  the 
passbank  occurs,  leading  to  output  glitches.  Simply  increas¬ 
ing  the  filter  damping  was  not  an  option  as  ripple  (which 
was  already  considered  high)  would  increase  with  increasing 
filter  damping. 

After  modeling  the  input  filter  in  SPICE  and  exploring 
several  impractical  non-linear  filter  damping  resistor  options 
(e.g.,  PTC  thermistor  arrays)  a  two-state  variable  damping 
niter  modification  was  decided  upon;  this  is  shown  in  Fig.  3. 


100  iiH 


Figure  3.  Filter  variable  damping 

During  normal  operation  the  SCR  around  the  damping 
resistor  is  ON  and,  in  conjunction  with  the  anti-parallel 
diode,  provides  a  short-circuit  for  capacitor  ripple  currents. 
When  a  downshift  (Kcurs  the  SCR  gate  drive  is  turned  off 
momentarily  (10-60  msec),  the  SCR  commutates  and  the 
normal  large  reverse  ring  current  out  of  the  filter  is  reduced 
greatly  due  to  the  sudden  "appearance"  of  the  .3  ohm 
resistor.  Damping  is  such  that  no  imdershoot  now  appears; 
the  supply  does  not  lose  regulation  and  normal  steady-state 
ripple  is  unchanged. 

Passbank  Oscillations 

The  final  roadblock  to  500  MeV  operation  proved  to  be 
troublesome  passbmk  internal  oscillations.  Due  to  the  liigh 
fi  of  the  D^T  tiansistors,  the  sudden  rise  in  passbank 
voltage  when  going  into  magnet  reset  (current  drops  from 
1600A  to  25QA)  causes  a  shock-induced  oscillation  of  the 
passbank  at  severiU  kilohertz.  This  was  eliminated  (after 
numerous  false  si;arts)  by  using  a  distributed  capacitive 
bypassing  of  the  collector  to  minus  bus  scheme. 


V.  Tap  OSCILLATION  DETECTION; 

FORBIDDEN  RAMPS 

An  anticipated  result  of  using  only  internal  signals  to 
control  tap  chan^ng  is  that  in  certain  instances  it  may  not  be 
possible  to  find  a  stable  operating  point  (given  a  desired 
ramp  rate,  flattop,  and  inductrol  setting)  where  passbank 
voltage  is  sufficient  but  passbank  power  is  not  excessive.  In 
these  instances  of  "forbidden  ramps"  the  supply  will  enter  a 
steady-state  oscillation  mode  trying  to  switch  rapidly  between 
taps  to  satisfy  both  conditions;  damage  to  magnetic  compo¬ 
nents,  filter  capacitors,  and  switchgear  could  result  if  this 
continued. 

To  prevent  damage  a  tap  oscillation  detector  looks  at  the 
100%  tap  (since  any  oscillations  must  involve  this  middle 
tap)  and  shuts  down  the  supply  if  more  than  a  minimum 
number  of  tap  changes  occurs  in  an  adjustable  timeout 
period  (typically  1  sec).  This  circuit  has  also  proved  useful 
in  preventing  damage  from  high-order  dropped  bits  in  the 
DAC.  The  resulting  sawtooth  waveform  from  the  DAC 
would  normally  cause  a  rapidly  tap-chan^g  supply  situation 
and  consequent  supply  damage.  A  block  diagram  of  this 
circuit  is  shown  in  Fig.4. 


Figure  4.  Tap  oscillation  detector 

VI.  Summary 

With  sufficient  justification  it  is  possible  to  produce 
reliable  tap-switched  power  supplies  to  meet  multi-kilowatt 
load  requirements.  The  justification  (given  the  supply 
complexity)  is  rather  limited  to  special  combinations  of 
requirements  in  cases  demanding: 

♦high  bandwidth  for  small  ramp  foUowng  errors 
♦moderate  time  constant  loads  where  the  load  itself 
provides  insufficient  ripple  current  attenuation  so  that 
an  active  filter  is  necessary 
♦need  exists  to  minimize  line  noise,  equipment  size, 
energy  costs 

♦high  DC  current  stability  with  minimum  AC  ripple 
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Abstract 

The  booster  synchrotron  for  the  recently  commission¬ 
ed  SSRL  Injector  facility  employs  a  10  Hz  resonant  mag¬ 
net  power  supply  system  to  accelerate  an  electron  beam 
from  120  MeV  to  3  GeV.  The  booster  dipole  and  quad- 
rupole  magnets  are  connected  in  series  within  a  system  of 
17  distributed  resonant  cells  driven  by  a  pulsing  network. 
Tracking  power  supplies  driving  the  trim  coils  of  the  two 
quadrupole  families  are  used  to  stabilize  betatron  tunes 
during  energy  ramping. 

I.  INTRODUCTION 

A  10  Hz  resonant  magnet  power  supply  system,  or 
White  Circuit  was  chosen  over  a  directly  driven  2  Hz 
system  for  powering  the  SSRL  Injector  booster  synchrotron 
in  order  to  isolate  the  reactive  power  load  of  the  cycling 
magnets  from  the  AC  mains  distribution  system  at  SLAC 
and  SSRL.  We  viewed  the  White  Circuit  as  being  more 
simple,  reliable,  and  better  suited  to  our  engineering  exper¬ 
tise  than  other  possible  isolating  systems  such  as  mechani¬ 
cal  flywheels,  motor  generators,  and  superconducting  ener¬ 
gy  storage  devices. 

n.  System  design  considerations 

Four  major  design  specifications  were  required  to 
establish  the  basic  White  Circuit  network:  1)  Lh**  operating 
frequency;  2}  the  method  of  powering  the  quadtupoles;  3) 
the  number  of  resonant  cells  and  their  configuration;  and 
4)  the  DC  and  AC  power  supply  configuration. 

A.  Operating  Frequency 

The  10  Hz  operating  frequency  was  selected  because 
1)  it  would  allow  the  use  of  0.06"  steel  laminations  for  the 
booster  magnet  cores,  costing  significantly  less  than  the 
more  commonly  used  0.02S"  laminations  [2];  i)  it  would 
permit  the  use  of  a  thin  (0.3  mm)  stainless  steel  vacuum 
chamber,  and  3)  10  Hz  could  be  readily  phase-locked  to 
the  line  frequency,  thus  facilitating  the  stabilization  of 
power  supply  noises  at  harmonics  of  60  Hz.  Also  less 
beam  intensity  per/cycle  would  be  needed  to  achieve  a 
given  SPEAR  fill  rate  than  for  the  2  Hz  system.  Opera¬ 
ting  frequencies  of  12  Hz  and  IS  Hz  were  considered,  but 
they  would  cause  more  losses  in  the  magnet  ccies. 

B.  Quadrupole  Power 

By  connecting  the  quadrupole  magnets  in  series  with 
the  dipoles  in  the  White  Circuit,  we  eliminated  the  need 
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Figure  1.  17  cell  White  Circuit  for  the  SSRL  Booster 


for  a  separate  and  carefully  matched  resonant  power  system 
for  each  of  the  two  quadrupole  families.  On  the  other 
hand,  this  solution  compelled  us  to  implement  quadrupole 
trim  circuits  so  that  l^tatron  tunes  could  be  stabilized 
during  acceleration.  Each  trim  circuit  requited  a  voltage¬ 
bucking  transformer  (cff  choke)  of  size  and  cost  comparable 
to  that  for  the  inductor  that  would  have  been  needed  for  an 
independent  resonant  circuit.  The  main  advantage  of  this 
system  was  one  of  control  and  ease  of  matching  the  cur¬ 
rent  waveforms  in  all  magnets. 

C.  Resonant  Cell  Configuration 

A  distribute!  multiple  cell  White  Circuit  design  was 
chosen  1)  to  solve  an  equipment  space  problem  by  dis¬ 
tributing  the  energy-storing  chokes  and  capacitor  banks 
under  the  booster  magnet  girders;  2)  to  avoid  the  difficulty 
of  engineering  and  fabricating  a  single  massive  choke  that 
would  weigh  close  to  SO  tons;  and  3)  to  limit  the  induced 
AC  voltage  level  in  the  system. 

To  simplify  coil  insulation  design  and  to  enable  us  to 
use  readily  available  semiconductor  components,  we  deci¬ 
ded  to  limit  the  peak  AC  ■<-  DC  voltage  difference  between 
any  system  com^nent  and  ground  to  2  kV  or  less.  This 
implied  that  no  more  than  two  dipoles  and  some  number 
of  less  inductive  quadrupoles  should  be  included  in  a  cell. 
Since  the  lauice  had  32  dipoles,  16  cells  were  needed  for 
them.  A  17th  cell  was  requir^  for  the  two  quadrupole 
bucking  chokes  and  8  of  the  40  quadrupoles  tlsat  were  not 
in  the  dipole  cells. 

D.  Power  Supply  Configuration 

A  finad  major  design  decision  was  to  separate  the 
sources  of  DC  and  AC  power  for  the  White  Circuit  and  to 
drive  the  10  Hz  cunent  oscillation  through  transformer 
windings  on  the  cell  chokes.  We  were  wary  of  using  a 
combined  AC  and  DC  supply  system  connected  in  series 
with  the  magnets  because  1)  we  anticipated  difficulties  in 
injection  at  low  energy  due  to  magnet  cunent  disturbances, 
possibly  including  the  transmission  line  or  standing  wave 
modes  (3],  driven  by  high  frequency  noise  and  ripple  in 
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the  voltage  sourced  by  the  series-connected  rectifier  sup¬ 
plies;  and  2)  it  would  not  be  possible  to  operate  the  circuit 
in  an  underbiased  mode  unless  the  supply  were  capable  of 
inversion,  a  capability  that  would  accompanied  by 
higher  voltage  ripple. 

We  fuilher  reduced  the  level  of  current  disturbances 
at  injection  by  implementing  a  pulsed  AC  power  system  as 
opposed  to  one  that  would  continuously  ^ve  the  10  Hz 
oscillation.  A  pulsing  network  [4]  was  designed  to  gener¬ 
ate  a  17  msec  current  pulse  to  the  cell  chokes  while  the 
magnet  current  was  decreasing  and  no  beam  was  in  the 
machine.  Transient  current  disturbances  caused  by  the 
pulse  would  damp  out  before  new  beam  was  injected  and 
the  accelerating  current  waveform  would  be  noise-free. 

III.  WHITE  Circuit  Implementation 

A.  Network  Configuration 

Figure  1  depicts  the  17  cell  White  Circuit  design  for 
the  SSl^  separated  function  booster  lattice.  The  17th  cell 
is  configured  to  permit  insertion  of  the  DC  bias  cunent 
from  a  voltage-regulated  DC  power  supply;  a  split  coil 
configuration  of  the  cell  choke  enables  it  to  be  used  as 
part  of  the  balanced  10  Hz  blocking  filter  for  the  supply. 
The  10  Hz  circuit  resonance  is  driven  by  coupling  the 
output  power  from  the  10  Hz  pulser  through  transformer 
windings  on  the  16  standard  cell  chokes.  Component  and 
system  specifications  for  3  GeV  operation  are  summaiized 
in  Table  I. 

The  16  cell  chokes  are  connected  to  the  pulser  with 
^ual  length  cables  in  a  star  configuration;  this  configura¬ 
tion  ensures  the  equalization  of  impedances  between  pulser 
and  cells  and  between  any  two  cells.  Equalization  of 
pulser-cell  impedances  is  necessary  for  the  uniform  and 
nonreactive  distribution  of  power  to  the  circuit.  Cell-cell 
equalization  maximizes  the  even  distribution  of  circulating 
currents  between  cells  when  one  becomes  mistuned  and 
thus  helps  equalize  the  otherwise  imbalanced  cell  voltages. 
The  T/u.  cell  is  not  pulsed  in  order  to  avoid  driving  the 
pulse  cunent  through  the  DC  bias  supply. 

The  values  for  cell  capacitance  and  choke  inductance 
were  determined  by  minimizing  the  estimated  total  cost  for 
capacitors  and  chokes  assuming  a  that  the  cost  per  joule 
for  capacitors  would  be  a  little  more  than  twice  that  for 
chokes.  The  actual  cost  ratio  turned  out  to  be  ~2.2. 

Table  I.  10  Hz  White  Circuit  Parameters  at  3  GeV 
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Figure  2.  Pulser  network  and  circuit  waveforms 


A  bucking  choke  is  needed  for  each  quadtupole 
family  in  order  to  cancel  the  voltage  induced  on  the  trim 
coil  circuit  by  the  main  coil  circuit  and  vice  versa.  The 
primary  windings  of  this  choke  are  connected  in  series 
with  the  quadrupole  trim  windings,  while  the  secondary 
windings  are  connected  antiphase  in  series  with  the  main 
coils.  The  mutual  inductance  of  the  bucking  choke  must 
match  the  sum  of  mutual  inductances  of  the  quadrupole 
main/trim  coil  transformers  for  proper  operation. 

B.  Pulser  Network 

The  10  Hz  pulsed  power  system  is  shown  in  figure 
2.  It  consists  of  a  capacitor  bank  that  is  resonantly 
charged  from  a  DC  voltage  regulated  power  supply  through 
a  charging  choke  4  and  discharged  through  a  pulse  choke 
L,  when  SCRl  is  triggered.  The  resonant  discharge  fre¬ 
quency  is  30  Hz;  current  conducts  through  SCRl  during 
the  first  half  cycle  of  this  oscillation,  providing  ~I7  msec 
wide  cunent  pulse  to  the  parallel-connected  choke  primary 
windings.  When  the  current  pulse  falls  to  0  A,  SCRl 

stops  conducting  and  the  voltage  across  C,  is  negative. 

This  voltage  drives  a  30  Hz  negative  current  half  cycle 
through  Ly  via  FI  and  D2  that  partially  recharges  C,  to  a 
positive  voltage.  Full  recharging  of  C,  is  completed  by 
current  from  the  charging  supply  through  L,.  In  the  event 
of  a  circuit  fault  where  SCRl  latches  on  or  otherwise 
conducts  during  the  wrong  phase  of  the  10  Hz  cycle,  FI 
will  blow  and  R1  will  serve  to  limit  the  current  in  diode 

D2  and  SCRl  to  a  nondestructive  level  for  those  semi¬ 

conductor  devices. 

The  resonant  frequency  of  the  recharging  circuit  is 
~2.5  Hz  so  that  the  capacitor  voltage  has  not  quite  reached 
an  oscillation  maximum  when  the  10  Hz  trigger  is  applied. 
This  ensures  a  continuous  non-zero  charging  current  and 
reduces  the  transient  current  loading  on  the  power  supply. 

C.  Chokes 

The  dimensional  envelope  of  the  cell  choke  was 
determined  by  the  available  space  under  the  magnet  girders 
in  the  booster  tunnel.  The  core  and  air  gap  configuration 
was  designed  using  the  POISSON  magnet  modeling  pro¬ 
gram  to  maintain  a  constant  inductance  to  within  ±0.5% 
over  its  full  range  of  current  energization  for  up  to  3.5 
GeV  operation.  The  core  design,  shown  in  figure  3,  has 
the  advantage  that  it  was  relatively  easy  to  fabricate  and 
was  readily  tunable  so  that  the  same  core  design  could  be 
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Figure  3.  White  Circuit  cell  choke 


used  for  both  the  charging  and  bucking  chokes  by  adjust* 
ing  the  gap  height  It  has  the  disadvantage  that  stray 
fields  leak  from  the  air  gaps  in  the  side  legs  and  disturb 
CRT  displays  and  some  other  types  of  sensitive  instrumen¬ 
tation. 

As  was  done  for  the  10  Hz  magnets,  the  cell,  charg¬ 
ing,  and  bucking  choke  cores  were  fabricated  using  0.06" 
1005  steel  laminations  [2],  The  resulting  AC  power  dis¬ 
sipation  in  the  circuit  was  approximately  twice  what  it 
would  have  been  if  0.025"  electrical  steel  laminations  had 
been  used. 

The  30  Hz  pulse  choke  has  0.025"  core  laminations 
stamped  from  the  same  die  used  for  the  booster  dipole 
laminations.  It  too  has  air  gaps  in  the  side  legs,  but  only 
at  the  center  parting  plane  of  the  upper  and  lower  core 
halves.  The  middle  and  side  end  poles  are  tapered  in  an 
approximate  Rogowski  contour  to  reduce  heating  and 
magnetic  forces  that  tend  splay  the  end  laminations, 

D,  Capacitors 

Each  cell  capacitor  bank  is  configured  from  a  set  of 
six  5700  pF  capacitor  groups  together  with  one  trimmer 
group.  Three  parallel-connected  groups  are  connected  in 
series  with  the  other  three  parallel-connected  groups;  the 
trimmer  group  is  connected  in  parallel  with  this  total  as¬ 
sembly  and  adjusted  to  form  the  8900  pF  nominal  capaci¬ 
tance  needed  for  10  Hz  operation.  The  groups  can  be 
rearranged  in  a  2-parallel,  3-series  pattern  for  15  Hz  opera¬ 
tion. 

Each  5700  pF  group  is  comprised  of  60  each  95  pF 
capacitor  units  connected  in  parallel  and  mounted  on  a  tray 
that,  together  with  the  five  other  similar  trays  and  one 
trimmer  tray,  slides  into  a  cabinet  that  fits  under  a  booster 
magnet  girder. 

The  trimmer  tray  consists  of  binary-weighted  groups 
of  capacitor  units  that  can  be  switched  in  and  out  to  tune 
the  resonant  cell.  The  trimming  resolution  is  0.6%  of  the 
total  cell  capacitance,  pennitting  a  frequency  tuning  resolu¬ 
tion  of  0.3%. 

The  ceil  17  capacitor  banks  C„  and  C„  and  the 
pulser  c^iacitor  bai^  C,  are  also  configured  using  capa¬ 
citor  trays,  but  in  these  cases  they  are  all  connected  in 
parallel.  The  cell  17  capacitor  banks  each  have  trimmer 
trays  with  trimming  resolutions  similar  to  that  for  the  cell 
banks.  The  individual  capacitor  units  for  C,  and  C,  are 
rated  for  peak  voltages  of  2.2  kV  and  2.7  kV  respectively, 
adequate  for  both  10  Hz  and  15  Hz  operation. 

All  capacitor  units  are  fabricated  using  metallized 
polypropylene  and  consequently  have  a  low  temperature 
coefficient  that  limits  the  thermal  drift  in  resonant  frequen¬ 
cy  to  less  than  0.4%  over  a  25°C  range. 


E.  Power  Supplies 

Two  480  kW  voltage  regulated  power  supplies  are 
used  to  power  the  White  Circuit  Both  are  12-pulse  SCR 
controlled  supplies  rated  for  1200  VDC,  400  A  service 
with  480  VAC  mains  input  The  DC  Bias  supply  has  a  7 
Hz  L-C  low  pass  ouqiut  filter  to  reduce  the  output  ripple 
voltage  Hz  to  less  than  1  V  pk-pk.  This  ripple  specifica¬ 
tion  ensures  that  magnet  bias  current  ripple  will  be  0.1% 
or  less  of  the  25  A  injection  current  The  Charging  supply 
does  not  require  the  ouqiut  filter  since  L,  and  C,  in  the 
pulser  network  perfrom  this  function.  The  effects  of  har¬ 
monic  voltage  ripple  are  further  reduced  by  phase-locking 
the  10  Hz  circuit  trigger,  and  thus  the  magnet  current 
oscillation,  to  60  Hz  [5]. 

The  injection  cunent  is  stabilized  to  the  0.1%  level, 
well  within  the  0.5%  energy  acceptance  of  the  booster,  by 
deriving  the  linac  trigger  timing  from  a  biasable  peaking 
strip  installed  in  a  booster  dipole  [5].  The  peaking  strip 
generates  a  timing  pulse  when  the  injection  magnetic  field 
threshold  is  reached,  relieving  the  regulation  requirement 
for  the  power  supplies  that  would  otherwise  be  on  the 
order  of  0.01%  of  their  output  currents.  Instead  the  sup¬ 
plies  are  regulated  to  the  order  of  0.1%  so  that  the  extrac¬ 
tion  current  and  beam  energy  will  be  stable  to  that  level. 

The  quadrupole  tracking  supplies  are  configured  using 
pulse  width  modulated  bipolar  servo  amplifiers  powered 
from  a  common  300  V  bulk  supply.  Each  amplifier  can 
be  programmed  to  source  up  to  ^  A  peak  current,  10%  of 
the  3  GeV  main  coil  energization,  and  has  a  bandwidth  of 
~300  Hz.  The  regulation  requirement  is  again  on  the  order 
of  0.1%  to  meet  injection  stability  needs. 

IV.  OPERATIONAL  EXPERIENCE 

The  White  Circuit  has  been  proven  to  be  a  reliable 
and  relatively  simple  system  to  operate  during  its  several 
months  of  2.35  GeV  operation.  Most  of  the  commission¬ 
ing  effort  was  devoted  to  repairing  coil  and  core  vibration 
problems  in  some  of  the  magnets  and  chokes  and  to  im¬ 
proving  the  high  power  operation  of  the  power  supplies. 
Since  then,  end  Initiations  on  some  of  the  choke  cores 
have  come  loose  and  occasionally  a  c^citor  fuse  must  be 
replaced.  3  GeV  operation  is  scheduled  for  1992. 

The  magnet  current  waveform  during  the  ramp  is  ob¬ 
served  to  be  free  of  harmonic  contamination.  This  coupled 
with  the  injection  current  stability  obtained  with  the  peak¬ 
ing  strip  and  the  tune  stability  achieved  with  the  quadru¬ 
pole  tracking  system  contributed  greatly  to  the  success  of 
the  White  Circuit  in  meeting  the  Injector  facility  goals. 
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Abstract  These  supplies  are  more  q)propriateIy  termed  magnet 


Magnet  power  supplies  with  embedded 
microprocessor  controls  are  being  installed  in  the  beam-lines 
of  the  linear  accelerator  and  proton  storage  ring  at  LAMPF. 
Using  an  RS422  link  they  communicate  with  the  accelerator 
control  system  through  a  terminal  server  connected  to  the  site¬ 
wide  DECnet  back^e.  Each  supply  is,  for  all  intents  and 
puiposes,  a  networic  object.  The  contrdler  has  a  command  set 
of  over  seventy-Eve  tl^-character  ASCII  control  and  read- 
back  instructions.  Strategies  fw  choosing  the  appropriate 
control  protocol  and  the  process  of  integrating  these  devices 
into  a  large  accelerator  control  system  will  be  presented. 


I.  INTRODUCTION 

Magnet  power  supplies  with  embedded 
microprocessor  controls  are  being  installed  at  the  Clinton  P. 
Anderson  Meson  Physics  Facility  (LAMPF).  The  LAMPF 
Control  System  (LCS)[1]  interface  for  the  supplies  must  be 
designed  so  that  all  existing  aj^lications  that  need  to  access 
power  supply  control  channels  remain  unchanged.  Control 
information  to  the  units  can  originate  from  three  sources:  the 
front  panel  of  the  supply,  a  remote  panel  which  can  be 
mounted  thousands  of  feet  from  the  supply  and  an  RS-422 
ASCII  uplink.  Connection  to  the  accelerator  control  system  is 
through  the  uplink.  Power  supply  control  protocol  consists  of 
seventy-five  ASCII  commands.  Only  a  handful  of  these 
instructions  need  be  known  to  the  LCS  for  routine  adjusunents 
and  control.  The  remainder  are  intended  for  power  supply  set- 
iq>  and  troubleshooting. 


Figure  1.  The  topology  of  the  LAMPF  control  system. 


controllers.  They  appear  to  the  LCS  as  an  integrated  current 
source  and  electromagnet  combination.  In  fact,  key  interlocks 
from  the  magnet  themselves  are  attached  to  and  monitored  by 
the  supply.  For  example,  a  water  over-temperature  trip  from 
the  magnet  will  cause  the  supply  to  ramp  off  with  no 
intervention  from  the  accelerator  control  system.  Some 
supplies  that  we  are  installing  provide  a  current  of  1000 
Amperes  at  SOO  Volts  into  a  one  Henry  inductive  load. 
Regulation  is  one  part  in  10^.  Power  supply  control  is 
significantly  more  complex  than  just  "on"  and  "off." 

II.  RS-422  INTERFACE  TO  THE  LAMPF 
CONTROL  SYSTEM 

In  the  past  we  have  interfaced  serial  communication 
devices  to  the  LCS  using  either  a  CAMAC  serial 
communications  module  or  a  connection  to  terminal  server. 
We  chose  the  latter  for  this  latest  serial  device. 

Asynchronous  serial  communications  using  CAMAC 
is  a  compromise,  at  best.  Using  CAMAC  modules  for  serial 
communication  involves  another  layer  of  in-house  software 
that  must  be  developed.  Serial  communications  modules  of 
different  types  cannot,  in  general,  be  interchanged  without 
software  imbrications.  If  the  location  of  the  supply  reauiies  a 
CAMAC  crate  to  be  located  some  distance  from  its  control 
computer  then  a  serial  highway  needs  to  be  used  to  extend  the 
CAMAC  bus.  This  adds  another  data  bus  that  must  be 
maintained. 

Terminal  server  protocol  is  already  integrated  into  the 
LCS  computers'  VMS  or  VAXELN  operating  system[2]:  no 
additional  drivers  or  other  special  interface  software  ne^  be 
written.  Terminal  servers  can  be  attached  anywhere  along  the 
existing  control  system's  eihemet  backbone  that  runs  the  linear 
accelerator's  half-mile  length.  Our  experience  using  the 
terminal  servers  has  shown  that  they  are  reliable  and  are 
straightforward  to  program. 


Power  Supply 


Elhomtt 


Figure  2.  Power  supply  as  a  network  object. 
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m.  EMBEDDED  CONTROLLER  SOFTWARE 
DEVELOPMENT 

The  software  for  the  embedded  controller  was  designed 
and  written  by  the  power  supply  vendor[3]  using  our  detailed 
specifications.  Our  contract  required  delivery  of  a  software 
emulation  of  the  power  supply  for  our  testing  and  evaluation 
months  before  the  first  prototype  power  supply  was  to  arrive 
on-site.  We  were  able  to  provide  feedback  to  the  vendor  early 
in  the  development  cycle.  The  emulator  runs  on  an  MS-DOS 
computer  and  uplink  communication  is  provided  through  its 
serial  communications  port.  A  number  of  modifications  and 
additions  were  prompted  by  our  experimentation. 

The  emulator  PC  is  connected  to  a  terminal  server. 
Diagnostic  codes,  running  on  a  networked  LCS  computer, 
simulate  the  command  environment  in  which  the  actual 
supplies  will  exist.  The  supply  controller  is  required  to 
respond  to  commands  at  a  rate  of  no  less  than  10  Hz. 

The  supply's  command  repertoire  was  expanded  and 
modified  as  result  of  our  experimentation  with  the  emulator. 
Control  commands  for  setting  limit  points  and  a  new  response 
mode  are  examples  of  items  that  were  added. 

A.  Limit  Points 

Current  and  voltage  limit  point  commands  were  added 
to  supplement  the  power  supply's  trip  point  instructions.  The 
limit  point  settings  should  prevent  excessive  overcurrent  and 
overvoltage  shutdowns  that  result  from  mistakes  in  entering 
new  set  point  values.  The  device  will  not  attempt  to  seek  a 
set  point  that  exceeds  its  limit  point.  If  a  set  point  request 
exceeds  the  limit  point,  the  supply  will  remain  in  its  present 
state  and  reply  with  an  error  code.  In  contrast,  if  the  power 
supply's  output  voltage  or  current  exceeds  its  trip  point  it  will 
ramp  off. 

B.  Verification  modes 

There  are  a  number  of  reply  formats  to  which  the 
controller  can  be  set.  The  supply  has  four  response  modes. 
Complete  Verification  (CVN)I4],  Complete  Verification  Off 
(CVF),  Short  Verification  (SVN)  and  Numeric  Verification 
(NVN).  In  every  case  except  CVF,  an  end  of  line,  <EOL>, 
character  or  chai^ters  are  ^pended  to  the  controller's  reply[S]. 
A  terse  two-digit-number  response  is  ideal  for  computer 
control,  but  not  particularly  convenient  for  the  human 
technician  doing  troubleshooting.  The  variety  of  response 
modes  allow  one  to  obtain  a  good  match  between  the  user  and 
the  supjriy  controller. 

Examples  of  the  response  formats  to  an  ON 
command,  after  an  interlock  fault  is  detected,  is  illustrated  in 
Table  1. 

Table  1 


Comparison  of  power  siqiply  response  formats.  The  response 
is  to  an  "ON"  command  after  an  interlock  has  tripped. 


1  Verification  Mode 

Controller  response 

CVN 

ON  Ok  Enor  Bad  State  <EOL> 

CVF 

nothing 

SVN 

Error  06<EOL> 

NVN 

06<EOL> 

The  NVN  mode,  most  natural  for  computer-to-power-supply 
communication,  was  added  a  as  a  direct  result  of  our  emulator 
testing.  Note  that  the  CVF  mode,  the  original  mode  supplied 
by  the  vendor  for  external  computer  control,  provides  no 
response  to  any  command  that  it  understands.  There  are 
obvious  problems  with  using  this  mode  for  computer  control. 

IV.  ACCELERATOR  CONTROL  SYSTEM 
INTERFACE 

The  existing  control  system  provides  a  hook  into 
which  we  were  able  to  attach  these  new  intelligent  supplies  the 
pseudo  device.  The  pseudo  device  mechanism  is  actually  a 
generic  interface  to  the  LCS  run-time  database[6,7].  The  job  of 
the  pseudo  device  software  is  to  allow  database  access  calls 
used  by  all  of  the  existing  control  system  applications  to 
access  and  control  any  piece  of  hardware  without  knowing  its 
operating  details.  The  pseudo  device  must  take  care  of  all 
details,  including  any  differences  in  the  operational  model  of 
the  target  device  and  the  LCS. 


For  historical  reasons,  analog  control  in  the  LCS  is 
assumed  to  be  incremental.  That  is  any  command  value 
requested  is  assumed  to  be  an  increment  to  be  added  to  the 
present  .setting  of  the  device.  This  puts  it  clearly  at  odds  with 
our  new  supplies'  set  point  control  philosophy.  Pseudo  device 
software  must  compensate  for  this.  All  analog  data  received 
from  the  supply  is  coded  as  a  set  of  ASCII  characters.  It  must 
be  parsed  and  converted  to  REAL*4  format  before  being  sent  to 
the  control  system. 

Each  terminal  server  connection  requires  its  own 
VMS  I/O  queue.  The  pseudo  device  acts  as  a  terminal  server 
port  manager  and  maintain  dialogs  with  multiple  supplies.  It 
decides  what  threshold  of  inactivity  will  trigger  a  port 
disconnect  Each  queue  uses  some  of  the  precious  VAX  CPU 
cycles. 

Diagnostic  programs  will  be  able  to  access  all  of  the 
power  supply  command  set  through  a  special  diagnostic  pass¬ 
through  channel  for  each  supply.  Commands,  not  just  those 
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known  by  the  nin-time  database,  will  be  accessible  though  a 
single  teiminal  interface  for  remote  troubleshooting. 


V.  POWER  SUPPLY  INITIALIZATION 

Each  supply's  operational  parameters  must  be 
protected  from  unauthorized  modiOcation,  i.e.  values  such  as 
the  trip  point  settings,  interlock  fault  parameters  and  ground 
current  tip  points.  Commands  that  effect  sensitive  parameters 
will  be  accepted  only  J  the  supply  ht  placed  in  the  password- 
imlected  super-user  mode.  The  controller  reverts  to  the 
iwrmal  user  mode  after  a  timeH>ut  period  has  been  exceeded. 
Iheie  are  additionai  set-up  values  such  as  the  definitkms  of  the 
twenty-four  interlock  faults.  Initially  these  need  to  be  entered 
interactively  by  a  human  user.  Once  this  is  done  die  entire  set 
of  values  can  be  downloaded  to  the  control  system  computer. 
In  the  future  the  power  supply  can  be  reconfigured  by 
uploading  the  stored  block  of  values  to  the  contit^.  The 
block  is  protected  by  a  checksum  so  that  file  "milage”  can  be 
detected.  The  block-load  command  is  not  a  super-user 
command,  but  the  checksum  scheme  prevents  tampering  with 
the  flie.  We  have  not  addressed  the  issues  of  version 
management  of  the  magnet  block  fdes.  A  workable  scheme  to 
keq)  track  of  hundreds  or  thousands  of  these  parameter  files 
must  be  devised. 


VI.  CONCLUSIONS 

We  feel  that  the  addidonal  time  and  effort  that  is 
being  spent  now  on  a  generic  power  supply  interface  will  be 
well  worth  it  The  requiremeai  for  the  vendor  to  supply  an 
emulator  for  a  new  device  eariy  in  the  design  cycle  ^ved 
invaluable.  In  addition  to  revealing  unforeseen  flaws  in  the 
original  contn^  design,  it  allowed  us  to  confidently  start 
wodc  on  the  LCS  control  interface  before  any  hardware  existed. 
We  are  planning  to  put  the  supplies  in  service  during  the  1992 
LAMPF  run  cycle. 
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Active  Filter  for  the  DESY  III  Dipole  Circuit 


W.  Bothe 

DESY,  Notkestr.  85,  2000  Hamburg  52,  Germany 


Abstract 

The  DESY  III  dipole  ciicuit  is  now  operated  in  a  ramp 
mode  cycle  with  3.6  s  repetition  rate.  Excitation  is  done  by 
a  12-pulse  thyristor  converter,  followed  by  a  passive  filter. 
The  existing  current  control  could  be  improved  by  addition 
of  an  active  filter.  The  use  of  a  more  efficient  passive  filter 
reduces  the  sise  of  the  active  filter  and  does  not  deteriorate 
the  dynamic  behaviour.  The  design  of  the  control  loops 
and  the  results  of  the  simulation  are  presented. 

Introduction 

The  tamping  time  of  the  DESY  III  proton  synchrotron 
dipole  magnets  was  deteriuined  to  be  about  1.5  s.  With 
that  and  the  time  constant  of  the  dipole  circuit  an  exci¬ 
tation  power  of  more  than  twice  the  7^  i{- value  or  a  total 
of  2.7  MW  is  necessary.  A  conventional  2-quadrant  thyris¬ 
tor  conv' 'ter /inverter  for  12-pulse  operation  is  used  as  a 
main  power  supply,  symmetrically  controlled  during  the 
whole  3.6  8  cycle  time  but  operated  in  a  gated  Cteewheel- 
ing  mode  during  the  100  %  flat  top  and  the  4.1  %  injection 
flat  bottom  pVases.  In  addition  to  this  filtering  of  the  out¬ 
put  voltage,  especially  of  its  600  Hs  component,  is  needed. 
During  the  first  stage  a  simple  critical  damped  low-pass 
filter  was  provided  to  get  a  good  dynamical  behaviour. 
Later  improvements  of  the  synchrotron  operation  showed 
the  necessity  of  a  lower  harmonics  content.  This  can  be  at¬ 
tained  by  addition  of  an  active  filter,  thus  also  improving 
the  dynamical  behaviour  of  the  automatic  control  system. 
Figure  1  shows  the  equivalent  circuit  diagram. 


Fig.l:  DESY  III  dipole  excitation  -  Basic  circuit  diagram 

System  structure  and  equivalent  block  diagrams 
Figure  2a  represents  the  circuit  containing  all  the  ele¬ 
ments  of  the  multi-loop  feedback  system.  The  transfer 
functions  of  the  single  structure  elements  ate  listed  below 
{$  =  jws-'). 


Fs,= 


1  -f  2d  *  s/ujQ 

1  -f  2c?  •  s/wq  -f  (1  +  +  2r7w?  • 


(1) 


m 


Fig.l) 


Fss:  magnet  circuit;  1st  order  delay  network;  Tm  = 
Vb  =  Uo'  voltage  of  the  DC  source 

hmn-  nominal  rated  magnet  current 


1.7  s 


Fig  .2:  Multiloop  control  system  -Block  diagrams  (see 

text) 

Fjii:  magnet  current  regulator 

Fri  =  PI  —  characterutic  (2) 

Fri  =  PI^ -characterutic  (3) 

Fm:  voltage  regulator;  Fr2  =  Fru  •  Fc 

Fr2i  =  —  ■  PI  -  characteristic  (4) 

sTr  ' 

Fc’  compensating  element  (“phase  shifter”) 


Fsx’.  2t:d  order  rational  approximation  for  the  dead  time 
Tt  of  the  DC  source.  -  0.83  ms.  Fs2'.  Passive  filter  PF 
(series  reactor  without  losses) 


_  1  -1-  sTs  1  +  sTs 

“  1  -f-  sTi  ’  (l  +  sr6)(l-fsT6) 


0-7803-0135-8/91S01.00  ©IEEE 
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Frsi  active  filter  AF 


Tj  •  Ts  •  5^ 

~  +  5T7)(1  +  sTs){l  +  sny 

T?  =  10  ms;  Ts  =  4.6  ms;  Tg  =  0.32  ms;  V}//  =  8 

The  representation  of  Fig.  2a  requires  that  no  or  only  negli¬ 
gible  reaction  occurs  between  structure  elements  opposite 
to  the  arrow  direction.  Figure  2b  shows  the  monoloop 
block  diagram  which  is  equivalent  to  Fig.  2a  for  the  ef¬ 
fect  of  the  most  important  disturbance  variable  AUti„,  and 
also  for  the  open-loop  response.  The  use  of  line  diagram 
Fig.  2c  leads  to  the  simulation  of  the  normalized  following 
error.  The  simulations  were  carried  out  with  the  aid  of  the 
Hewlett  Packard  “Linsys”  method. 

Dynamic  characteristics 

The  layout  of  the  elements  of  the  automatic  control  system 
was  done  with  the  aim  to  get  a  minimum  tracking  error. 
For  that,  the  following  measures  were  taken  into  account: 

-  high  gain  of  the  current  loop  at  the  expense  of  the 
subloop  gain.  In  the  case  of  the  AF  circuit  a  compromise 
must  be  found  because  the  size  of  the  AF  depends  on  the 
reciprocal  of  the  subloop  gain; 

-  compensating  networks  Fc  in  case  of  the  structure  with 
only  PF  to  enlarge  the  open-loop  bandwidth.  Having  a 
Suitable  layout,  Fc  acts  mainly  as  phase  shifter  with  little 
influence  on  the  magnitude.  See  also  Ref.  [1]; 

-  double  integration  in  the  current  path.  In  this  case,  the 
voltage  subloop  may  not  have  an  integral  element  to  en¬ 
sure  the  stability  of  the  whole  system. 

The  following  error  was  analyzed  for  the  first  transition 
period  of  the  magnet  current  between  the  DC  injection 
level  and  the  beginning  of  the  linear  tamp.  Its  duration 
is  0, 1  s  and  during  this  time  the  control  input  w  obeys  to 
the  equation 

w  =  a-i^  +  b'i*  (7) 

a  and  b  have  to  be  determined  such  that  at  the  end  of 
the  transition  period  u>  is  equal  to  the  ramp  gradient  and 
w=  0. 


Circuits  with  passive  filter  only 
We  compare  the  circuits  having  2  different  low-pass  paS' 
sive  LC-filters 


b) 

current  loop:  Pl-characteristic:  V/  =  900 

voltage  loop:  Pl-characteristic:  Vji  ■-  2;  Tz  =  0.005  a 

Ts  =  6  ms;  T4  =  3  ms;  T5  =  Te  =  0.4  ms 

Figure  3  shows  the  open-loop  responses  for  these  two  cases 

with  the  following  parameters  of  the  feedback  amplifiers: 


BB.ee  I - — — 


Fig.3:  Circuit  with  passive  filter  only  -  Open  loop 
frequency  responses  (see  text) 


^  S' 

1^  L*I 

a 


Fig.  4:  Circuit  with  PF  only  -  'Fracking  error  (see  text) 


In  Fig.  4  the  tracking  error  of  the  magnet  current,  related 
to  the  nominal  rated  current  is  represented  with  a  maxi¬ 
mum  at  the  end  of  the  transition  period  due  to  the  single 
integration  of  the  current  loop.  This  value  is  kept  during 
the  ramp  phase. 


a) 

critical  damped;  u>o  =  27e  •  37  s'* 

according  to  the  a.m.  transfer  function  Fss:  d  =  1;  m  =  0 
Damping  of  the  600  Hz  component:  18  dB 

b) 

third  order;  wq  =  2zr  •  26  s  m  =  0.1;  d  =  0.4 
Damping  of  the  600  Hz  voltage  component:  35  dB 

a) 

current  loop:  Pl-characteristic:  Vj  =  1500 
voltage  loop:  Pl-characteristic:  V//  -  2;T2  =  0.05  s 
Ts  =  3  ms;  T4  =  15  ms;  T^  =Te  =  0.2  ms 


Circuits  with  passive  and  active  filters 
The  active  filter  has  a  transfer  function  as  described  above. 
The  other  system  parameters  are 

passive  filter:  third  order;  uo  =  2ff-27.5  s”*;  m  =  0.1;  d  =  1 
current  loop:  Vj  =  1000;  2000;  4000;  PI  or  PI^  charac¬ 
teristic 

voltage  loop:  Vji  =  3.74;  PI  or  P-characteristic;  Ts  = 
15  ms 

Figure  5  shows  the  frequency  responses  of  the  active  filter 
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(b)  and  the  open  iroltage  loop  (a)  and  Fig.  6  the  open-loop 
Bode  Diagrams  for  the  whole  system. 


Figure  7  and  8  are  graphics  of  the  tracking  error  for  the 
two  different  current  loop  modes.  In  the  continuation  in 
time  of  Fig.  8,  the  following  error  dec-ays  to  zero  during  the 
linear  ramp.  Figure  9  shows  the  frequency  response:  mag¬ 
net  current  to  passive  filter  output  with  (b)  and  without 
(a)  AF  thus  showing  the  damping  of  the  600  Hz  compo¬ 
nent. 


Fig.Ss  Circuit  with  passive  and  active  filter  -  Bode  Dia¬ 
grams  of  the  open  voltage  loop  (a)  and  the  AF  (b) 


•  <^000  ■  a 


Diagrams  of  the  whole  open-loop  system 


Fig.7  :  Circuit  with  passive  and  active  filter  -  Tracking 
error  for  mono-integrating  current  loop 


Fig.8:  Circuit  with  passive  and  active  filter  -  Tracking 
error  for  dual-integrating  current  loop 


fVtguUf  rrtqgeney  vRftdtgn/Svk) 

Fig.9.  Harmonics  attenuation  without  (a)  and  with  (b) 
active  filter,  (see  text) 


Results 

The  graphs  of  the  following  error  show  a  strong  depen¬ 
dence  on  the  current  loop  gain,  which  may  be  enlarged 
considerably  by  the  use  of  an  active  filter.  A  more  effec¬ 
tive  passive  filter  ensures  that  the  remaining  amount  of 
harmonics  voltage  to  be  absorbed  by  the  active  filter  re¬ 
mains  small.  -  The  input  of  the  voltage  subloop  after  the 
AF  has  nearly  no  harmonics  content  -  115  dB  for  600  Hz 
or  0.7  mV  -  and  therefore  offers  much  better  conditions 
than  in  usual  installations  with  PF  only.  In  the  optimum 
case  of  Fig.  8,  the  maximum  of  the  tracking  error  of  the 
magnet  current  related  to  its  actual  value  is  1.3  •  10~^. 
Compensation  by  introduction  of  the  second  derivative  of 
the  reference  value  as  described  in  [1]  would  minimize  this 
value  during  the  transition  period  strongly.  The  remaining 
tracking  error  at  the  start  of  the  linear  ramp  can  not  be 
compensated  by  this  methods  but  its  value,  related  to  the 
actual  magnet  current  value,  is  only  4  x  10“^  and  decays 
rapidly. 
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ABSTRACT 

A  tempeiatuie  stabilised,  digital  input  circuit  module 
using  sotface  mount  technology  has  been  developed  for  use 
as  the  precision  control  element  in  a  10  A  bipolar  trim  mag¬ 
net  regulator.  Regulators  using  this  module  have  shown 
stability  of  20  ppm  over  8  hours.  This  circuit  module  com- 
binea  the  functions  of  a  current  measuring  shunt,  serial 
DAC,  precision  voltage  reference,  high  gain  error  amplifier 
and  readback  buffer  amplifier.  Loop  gain  and  compensa¬ 
tion  are  done  externally  to  the  module.  The  module  can 
be  used  in  high  current  power  supplies  by  replacing  the  in¬ 
ternally  derived  current  signal  with  the  output  signal  from 
an  external  high  current  shunt  or  transductoi. 

INTRODUCTION 

The  power  supplies  which  provide  currents  to  approxi¬ 
mately  1900  focussing  and  steering  magnets  in  the  CEBAF 
recirculating  electron  accelerator  will  periodically  be  ad¬ 
justed  baaed  on  measurements  from  numerous  beam  mon¬ 
itors  located  around  the  accelerator.  Initially,  power  sup¬ 
plies  with  1000  ppm  combined  drift  and  ripple  performance 
were  considered  adequate  to  drive  these  magnets.  This 
level  of  performance  was  achievable  using  readily  avail¬ 
able  devices  and  well  understood  analog  techniques  with¬ 
out  need  for  stringent  temperature  control  measures. 

Further  analysis  of  beam  dynamics  indicated  that 
power  supplies  with  100  ppm  ripple  performance  were 
needed.  This  level  of  performance  required  thet  an  en¬ 
tirely  different  approach  be  taken  for  the  low  level  power 
supply  control  circuitry. 

The  key  component  was  the  current  sensor  which  pro¬ 
vides  a  feedback  signal  to  the  error  amplifier.  Even  a  good 
shunt  resistor,  such  as  one  made  of  manganin,  has  a  tem¬ 
perature  coefficient  of  about  15  ppm/*C.  Resistance  drift 
over  24  hours  due  to  expected  ambient  temperature  change 
alone  would  more  than  use  up  the  entire  error  budget.  A 
sero-flux  transductor  was  considered  for  the  current  sens¬ 
ing  device  but  was  rejected  because  the  sire  and  cost  were 
too  high  for  this  application.  Hall  effect  devices  were  re¬ 
jected  because  of  temperature  stability  and  noise  consid¬ 
erations. 

The  only  feasible  choice  turned  out  to  be  a  shunt  re¬ 
sistor  tightly  coupled  to  a  thermally  regulated  substrate 
which  bolates  the  shunt  from  ambient  temperature  fluctu¬ 
ations  and  minimizes  the  effect  of  self-heating.  The  flist 
effort  in  this  direction  combined  a  manganin  shunt  resistor 
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and  a  preamplifiei  which  were  both  mounted  on  a  temper¬ 
ature  regulated  aluminum  block.  This  isothermal  block 
was  mounted  on  a  backplane  and  the  high  level  feedback 
signal  from  the  preamplifier  was  routed  to  the  power  sup¬ 
ply  printed  circuit  board  through  a  backplane  mounted 
connector. 

It  then  became  clear  that  it  is  very  desirable  to  com¬ 
bine  all  temperature  sensitive  devices  on  the  same  isother¬ 
mal  block  and  mount  the  “core  controller”  block  tight  on 
the  power  supply  printed  circuit  board.  This  approach 
gives  very  good  thermal  performance  as  well  as  minimiz¬ 
ing  the  amount  of  EMI  which  can  be  coupled  into  the  low 
level  regulation  circuitry.  Because  the  monitoring  and  con¬ 
trol  of  each  power  supply  module  was  being  done  with  an 
on-board  microprocessor  and  signal  convertors,  it  was  pos¬ 
sible  to  closely  connect  the  core  controller  to  the  necessary 
signal  processing  circuitry.  Figure  1  shows  a  simplified 
schematic  of  the  entire  regulator. 

DETAILED  DESCRIPTION 

Since  beam  variables,  as  measured  by  the  beam  moni¬ 
tors,  are  the  controlled  parameters,  the  magnet  power  sup¬ 
plies  need  not  have  particularly  high  absolute  accuracy.  A 
requirement  of  0.1%  FS  (full  scale),  absolute  accuracy  was 
established  based  on  interchangeability  and  diagnostic  con¬ 
siderations.  More  important  than  accuracy  are  lesetabil- 
ity  and  stability.  Based  on  extensive  modeling  of  CEBAF 
beam  dynamics,  minimum  targets  of  14  bit  monotonicity 
and  100  ppm  total  envelope  of  uncertainty  (drift  plus  peak- 
to-peak  noise  and  ripple)  per  eight  hour  shift  were  chosen. 
The  two  major  error  components,  noise  and  temperature 
induced  drift,  were  tentatively  budgeted  at  34  ppm,  peak- 
to-peak,  and  2.5  ppm/’C  respectively. 

The  stability  of  a  high  precision,  ci;iient  regulated 
power  supply  is  usually  limited  by  the  quality  of  the  cur¬ 
rent  sensor  used  as  the  feedback  device.  The  two  most 
common  high  precision  current  sensors  are  zero  flux  mag¬ 
netic  transductois  and  resistive  shunts.  Zero  flux  transduc- 
tors  were  rejected  because  of  cost  and  size  considerations. 
Initial  investigation  and  experiments  with  conventional  re¬ 
sistive  shunts  indicated  that  the  temperature  coefficient 
of  resistivity  and  thermoelectric  effects  were  unacceptably 
high. 

To  achieve  the  necessary  noise  and  drift  goals  for  the 
CEBAF  power  supplies,  a  new  packaging  and  circuit  ar¬ 
chitecture  were  developed  by  Highland  Technology,  Inc. 
A  "core”  power  supply  controller  (patent  applied  for)  was 
designed  which  combines  a  precision  current  shunt,  pream¬ 
plifier,  serial  DAC,  voltage  reference,  error  amplifier  and 
support  electronics  into  a  single,  temperature  stabilized 
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assembly.  A  simplified  schematic  of  the  core  controller 
is  shown  in  Figure  2,  and  its  physical  layout  is  shown 
in  Figure  3.  The  controller  is  fabricated  on  a  solid  alu¬ 
minum  block  to  which  are  bonded  a  planar  current  shunt, 
a  surface  mount  circuit  board,  a  temperature  sensor  and 
a  heating  clement.  The  shunt  preamplifier,  DAC,  error 
amplifier,  associated  voltage  regulators  and  the  tempera¬ 
ture  control  loop  components  are  mounted  on  the  circuit 
board  so  that  all  components  are  very  tightly  coupled  ther¬ 
mally  to  the  temperature  controlled  aluminum  baseplate. 
The  magnet  load  current,  which  may  be  as  much  as  10  A, 
is  connected  to  the  controller  through  two  of  the  metallic 
mounting  standofis.  Low  level  signals  pass  through  a  small 
12  pin  connector.  A  16  bit  serial  input  DAC  was  chosen 
to  minimize  data  connections  and  their  associated  thermal 
leakage  paths.  The  feedback  compensation  elements  of  the 
error  amplifier  were  not  included  on  the  controller  assem¬ 
bly  to  allow  external  control  of  power  supply  control  loop 
dynamics. 

Integration  of  all  sensitive  components  into  a  temper¬ 
ature  regulated  assembly  provides  substantial  reduction  of 
temperature  coefficient  and  thermoelectric  error  sources. 
Such  effects  arc  reduced  by  the  effective  “stiffness"  of  the 
thermal  control  loop  (ambient  temperature  change  divided 
by  assembly  temperature  change)  which  is  about  a  fac¬ 
tor  of  100,  It  is  interesting  to  compare  this  current  con¬ 
troller  design  to  a  typical  “ovenized”  electronics  package 
which  might  be  used  for  something  like  a  crystal  oscilla¬ 
tor  which  does  not  dissipate  much  heat.  In  the  case  of 
the  current  controller,  the  heat  from  the  resistive  current 
shunt  is  a  major  error  source  to  the  temperature  control 
loop  of  the  isothermal  block  and  can  potentially  cause  se¬ 
vere  temperature  gradients  within  the  assembly.  Unlike 
the  case  of  the  crystal  oven,  the  current  controller  design 
requires  much  lower  thermal  resistarxes  between  all  com¬ 
ponents  and  must  be  packaged  to  allo>v  a  predictable  heat 
leak  to  the  ambient  environment  so  that  shunt  power  dis 
sipation  cannot  push  the  temperature  control  loop  out  of 
regulation. 

The  final  current  controller  design  operates  at  68“  C 
and  dissipates  about  5  W  under  normal  operation.  The 
shunt  element  is  punched  from  sheet  manganin  and  con¬ 
tributes  about  0.7  W  at  full  scale  output  current  of  10 
A.  The  controller  package  is  plugged  onto  the  main  power 
supply  card  and  is  held  in  place  with  four  screws.  The  core 
controller  assembly  is  covered  with  a  phenolic  potting  shell 
giving  an  overall  size  of  3x3x0.75  inches. 

CONTROL  LOOP  DYNAMICS 

The  accelerator  focus  and  steering  magnets  vary  in 
inductance  from  40  mH  to  about  1  H  with  typical  resis¬ 
tances  in  the  2  ohm  range.  It  was  desired  to  configure  the 
control  loop  dynamics  to  allow  a  single  power  regulator 
card  design  to  drive  any  magnet  while  simultaneously  pro¬ 
viding  high  stability  margins  and  minimum  noise  levels. 
Current  regulation  is  achieved  by  the  overall  type  1  (inte¬ 
grating)  feedback  loop  with  the  RC  network  and  the  mag¬ 


net  L/R  time  constant  dominating  closed  loop  dynamics. 
The  output  amplifier  and  power  booster  stages  employ  two 
additional  inner  feedback  loops  to  insure  that  the  output 
stage  performs  as  a  very  stiff,  wideband  voltage  amplifier 
with  good  local  power  supply  ripple  rejection.  The  use 
of  local  output  stage  feedback  allows  the  overall  current 
control  loop  to  be  optimized  on  loop  stability  and  noise 
bandwidth  considerations  without  concern  for  power  sup¬ 
ply  noise  or  output  stage  drifts.  The  RC  compensation 
was  chosen  to  provide  integration  at  low  frequencies,  lev¬ 
eling  off  to  a  flat  loop  gain  of  1500  at  about  0.3  Hz  with 
the  magnet’s  effective  L/R  time  constant  providing  the  fi¬ 
nal  6  db/octave  rolloff.  The  resulting  current  regulator 
has  excellent  phase  margin  for  all  required  magnet  loads. 
The  output  impedance  of  the  regulator  makes  a  smooth 
transition  from  a  high  value  (corresponding  to  a  constant 
current  mode)  at  low  frequencies  to  a  low  value  (corre¬ 
sponding  to  a  constant  voltage  mode)  at  high  frequencies. 
This  restricts  loop  noise  bandwidth  and  allows  the  mag¬ 
net  L/R  time  constant  to  participate  in  attenuating  high 
frequency  noise  and  ripple. 

PERFORMANCE 

Because  the  controller  is  meant  to  be  part  of  a  high 
gain  feedback  loop,  as  well  as  requiring  a  serial  data  input 
link,  it  is  difficult  to  test  it  as  an  isolated  device.  Instead, 
all  but  the  simplest  testing  was  done  with  the  device  in¬ 
stalled  in  a  fully  functional  power  supply  module. 

Key  power  supply  performance  parameters  are  DC 
current  stability,  power  line  harmonic  rejection,  low  fre¬ 
quency  noise  and  resetability.  High  frequency  noise  is  of 
less  concern  because  of  the  filtering  effect  provided  by  the 
L/R  time  constant  of  the  magnets. 

DC  current  stability,  low  frequency  noise  and  reset- 
ability  were  measured  using  a  precision  transductor  and  an 
8|  digit  DVM.  The  particular  DVM  used  had  automatic 
sampling,  storage  and  analysis  capability  which  allowed 
substantially  more  data  acquisition  and  analysis  to  be  done 
than  is  normally  the  case  with  a  DVM.  A  temperature 
coefficient  of  about  2  ppm/’C  was  calculated  based  on  tests 
run  over  several  days. 

Resetability  was  measured  at  +/-  2  A,  -f-/-  4  A,  -f-/-  6 
A,  -}-/-  8  A.  The  test  method  used  sent  a  current  command 
to  the  power  supply,  read  the  zero  flux  transductor  output 
with  the  DVM  and  then  sent  a  command  of  the  oppo¬ 
site  polarity  to  the  power  supply.  This  cycle  was  repeated 
numerous  times  and  the  data  used  to  plot  resetability  his¬ 
tograms  which  showed  a  spread  of  less  than  5  ppm. 

Current  ripple  was  measured  by  using  a  FFT  (Fast 
Fourier  Transform)  analyzer  to  generate  the  frequency 
spectrum  seen  at  the  output  of  the  transductor  electron¬ 
ics.  To  generate  a  worst  case  estimate,  the  harmonic  com¬ 
ponents  were  directly  added  to  derive  the  current  ripple 
The  FFT  spectra  are  additionally  useful  because  of  infor¬ 
mation  gained  by  knowing  what  line  frequency  harmonics 
are  prt...ent  although  a  time  domain  trace  of  the  current 
ripple  would  be  very  useful  because  it  would  be  a  much 
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easier  method  of  checking  if  the  power  supply  was  meeting 
ripple  specifications.  Currently  work  is  underway  to  set 
up  instrumentation  capable  of  furnishing  a  time  domain 
trace  of  current  ripple.  Figure  4  shows  a  typical  output 
frequency  spectrum. 

The  temperature  coefficient  is  less  than  2  ppm/®C 
with  a  worst  case  peak>to-peak  current  noise  envelope  of 
about  50  ppm  of  magnet  FS  current.  Some  small  nonlin¬ 
earities  and  thermal  effects  are  observed,  probably  caused 
by  thermally  induced  stresses  and  residual  thermal  gra¬ 
dients.  These  effects  are  in  the  10  ppm  range  and  of  no 
consequence.  Some  of  the  regulators  have  shown  a  worst 
case  60  Hs  ripple  of  about  40  ppm  which  is  thought  to  be 
largely  due  to  stray  magnetic  field  pickup  due  to  position¬ 
ing  in  the  relay  rack. 

The  power  supply  drift  over  a  24  hour  period  with  a 
28*C  ambient  temperature  swing  is  in  the  50  ppm  range. 

In  addition  to  the  development  and  evaluation  testing 
of  the  design  itself,  each  core  controller  is  extensively  tested 
at  the  factory  as  well  as  passing  through  an  acceptance  test 
at  CEBAF. 

EXTENDED  USE 

Although  the  controller  was  primarily  developed  for 
use  in  relatively  small  corrector  and  focussing  magnet 


power  supplies,  it  will  find  widespread  use  at  CEBAF  as 
the  key  element  in  a  standard  control  module  which  will  in¬ 
clude  all  low  level  circuitry  necessary  for  any  size  of  power 
supply.  For  use  with  high  current  power  supplies  it  will 
be  necessary  to  disconnect  the  internal  shunt  preamplifier 
output  and  introduce  an  external  high  level  feedback  signal 
from  a  transductor  or  high  power  shunt. 

The  present  controller  unit  will  give  100  ppm  perfor¬ 
mance  over  a  fairly  wide  ambient  temperature  swing  while 
10  ppm  drift  performance  is  possible  by  enclosing  the  en¬ 
tire  low  level  regulator  module  in  a  temperature  controlled 
environment  and  using  a  transductor  with  a  suitably  low 
temperature  coefficient. 

SUMMARY 

A  temperature  regulated  core  controller  has  been  de¬ 
veloped  for  use  in  a  10  A,  bipolar  corrector  power  sup¬ 
ply  which  gives  better  than  100  ppm  performance  over  a 
wide  ambient  temperature  range.  The  controller  combines 
a  precision  shunt,  preamplifier,  serial  DAC,  voltage  refer¬ 
ence  and  error  amplifier  in  a  eompact,  printed  circuit  board 
mountable  package.  Use  of  the  controller  can  be  extended 
to  any  size  power  supply  by  using  an  externally  generated 
feedback  signal  rather  than  relying  on  the  internal  shunt 
and  preamplifier. 
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Absirad 

The  TRIUMF  rf  system  operates  at  a  fixed  frequency 
of  23.06  MHz  with  a  power  capability  of  1800  kW.  The 
dc  plate  power  for  the  four  push-pull  power  amplifiers  is 
provided  by  a  single  dc  power  supply  at  20  kV,  130  A  and 
the  amplifiers  are  protected  by  a  single  ignitron  crowbar 
circuit.  In  the  case  of  voltage  breakdown  outside  the  tube, 
the  triggering  of  the  crowbar  circuit  relies  on  the  voltage 
developed  across  a  low  resistance  shunt  in  the  return  path 
of  the  common  dc  power  supply.  Frequent  failure  of  the 
crowbar  ignitrons,  following  an  external  dc  voltage  break¬ 
down,  led  to  the  investigation  of  the  crowbar  performance. 
Current  transformers  have  been  installed  in  the  common 
5+  line  to  the  power  amplifiers  and  the  anode  circuit  of 
the  ignitron  crowbar  in  order  to  measure  amplitude,  du¬ 
ration  and  time  delay  of  various  dc  currents  under  fault 
conditions.  Similar  current  transformers  were  installed  in 
the  individual  anode  circuits  of  the  power  amplifiers  to 
provide  protection  to  the  complete  system  in  case  of  an 
external  dc  voltage  breakdown.  The  results  of  these  mea¬ 
surements  and  recommended  solutions  for  operations  are 
reported. 

I.  Introduction 

The  eight  power  amplifiers  which  constitute  the  main 
rf  system  of  the  TRIUMF  cyclotron  (1,2)  are  protected 
by  a  single  ignitron  crowbar  circuit.  The  purpose  of  the 
crowbar  is  to  provide  a  fast  short  circuit  on  the  output  of 
the  20  kV  dc  power  supply  to  direct  the  stored  energy  in 
the  filter  capacitors  away  from  the  fault  should  any  of  the 
eight  amplifiers  arc  iuternally  or  high  voltage  breakdowns 
occur  in  the  circuitry  outside  the  tubes.  The  firing  signal 
for  the  crowbar  circuit  is  obtained  from  voltage  developed 
across  a  series  resistance  in  the  cathode  circuit  of  each 
amplifier  and  a  low  resistance  shunt  in  the  return  path  of 
the  power  supply.  The  ignitron  crowbar  is  thus  triggered  by 
any  ol  the  nine  signals  or  combination  of  them.  Frequent 
crowbar  firing  and  failure  of  some  of  the  ignitrons  led  to 
this  investigation  of  crowbar  performance. 

Four  current  transformers  using  low  //  NiZn  ferrite  of  8” 
o.d.  and  5”  i.d.  and  a  single  layer  winding  of  8  turns,  have 
been  placed  at  appropriate  locations  in  the  dc  power  sup¬ 
ply  for  measurement  of  fault  currents  and  evaluation  of  the 
crowbar  performance.  The  units  are  enclosed  in  shielded 
boxes  and  have  been  tested  at  45  kV  without  any  break¬ 
down.  Two  more  transformers  are  planned  to  be  installed 
in  the  near  future. 
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II.  System  Description 

The  basic  schematic  of  the  20  kV  dc  power  supply  is 
shown  in  Figure  1  where  PAl  to  PA4  are  the  four  push-pull 
power  amplifiers.  The  sensing  resistors  in  the  cathode  cir¬ 
cuit  of  PA1-PA4  and  the  dc  shunt  50  mV/150  A  have  been 
used  to  sense  and  trigger  the  ignitron  crowbar.  The  current 
transformers  CTl  to  CT4  are  the  recently  installed  compo¬ 
nents  in  the  dc  power  supply.  Two  commercially  available 
Pearson  30 IX  transformers  have  also  been  mounted  next 
to  CTl  and  CT2  for  calibration  and  initial  measurements. 

The  current  transformer  CTl  senses  ignitron  current 
only  when  it  fires.  CT2  measures  the  dc  operating  cur¬ 
rent  (approx.  80  A)  when  rf  is  switched  on/off  and  also 
responds  to  the  instantaneous  short  circuit  currents  should 
any  of  the  anode  supply  lines  to  the  power  amplifiers  si .  rt. 
Hence,  the  output  of  CT2  can  be  used  to  trigger  the  ig 
nitron  crowbar  under  the  above  fault  condition.  Current 
transformers  CT3  and  CT4  are  to  be  used  only  for  moni¬ 
toring  the  fault  condition  of  the  power  amplifiers  although 
they  can  be  utilised  to  trigger  the  crowbar  if  needed. 

III.  Calibration  and  Measurement 

The  current  transformers  have  been  calibrated  against 
the  Pearson  which  has  a  sensitivity  of  0.01  V/A  with  1 
MQ  termination.  Figure  2  shows  the  voltage  outputs  of 
the  Pearson  and  CTl  when  rf  drive  is  switched  off.  The 
measured  sensitivity  of  the  current  transformer  is  0.023 
V/A. 

Short  circuit  current  measurements  from  the  dc  shunt 
and  the  Pearson  transformer  (location  CTl)  are  shown  in 
Figures  3  and  4  respectively.  The  test  was  carried  out  by 
firing  the  ignitron  from  the  crowbar  logic  circuit.  The  volt¬ 
age  developed  across  the  shunt  gives  a  short  circuit  current 
of  3960  A  whereas  the  Pearson  output  leads  to  a  short  cir¬ 
cuit  current  of  2200  A.  The  higher  current  from  the  shunt 
measurement  is  due  to  the  presence  of  rf  noise.  A  PSPICE 
simulation  of  the  power  supply  circuit  with  a  single  phase 
star-delta  configuration  and  full  wave  rectifiers,  yields  a 
peak  short  circuit  current  of  3000  A. 

The  total  charge/minute  for  the  ignitron  computed  from 

_ _ _  CT2 
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Figure  1  Si.lieiaatic  drawing  of  ihe  .Ic  power  supply. 
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Figure  2.  On-line  calibration  of  current  transformer.  Ctil  -  Pear¬ 
son  output.  Ch2  -  CTl  outpin . 
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Figure  3.  Voltage  output  across  itc  sliunt. 
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Figure  4.  Voltage  output  from  the  Pearson  transformer. 

the  above  current  measurement  is  1.1  Coulomb  anj  the 
duration  of  the  ignitron  current  is  -53  msec  (~3  1/2  cjcle). 

IV.  Summary  of  Measurements 

The  following  results  can  be  summarised  from  the  mea¬ 
surements: 


1.  The  peak  instantaneous  anode  current  through  the 
ignitron  is  2200  A 

2.  The  duration  of  ignitron  anode  current  is  53  msec. 

3.  The  main  circuit  breaker  is  opening  in  3  1/2  cyck-^. 

4.  The  total  charge/minute  is  1.1  Coulombs  for  the  igni¬ 
tron. 

5.  The  delay  between  fault  and  ignitron  firing  is  1.4  /isec. 

V.  Discussion 

In  the  present  configuration  of  the  crowbar  circuit,  re¬ 
flected  power  due  to  momentary  sparks  in  the  resonator 
system,  arcs  in  the  power  combiners,  and  spurious  rf  noise 
etc.  cause  the  ignitron  to  fire  falsely  when  it  is  sufficient  to 
switch  off  the  rf  drive  without  switching  off  the  dc  power 
supply.  Output  from  the  current  transformers,  which  are 
rf  shielded,  can  be  employed  to  trigger  the  crowbar  circuit 
only  when  the  instantaneous  dc  current  exceeds  a  certain 
pre-set  value. In  this  way,  with  fewer  ignitron  firings,  longer 
life  of  ignilrons  can  be  achieved.  It  is  rather  easy  to  stay 
within  the  maximum  voltage  or  current  rating  of  a  partic¬ 
ular  ignitron,  however,  exceeding  one  key  factor,  i.e.  the 
current  energy  transfer  per  minute  in  Coulombs,  has  an 
adverse  effect  on  the  life  of  the  ignitron  tube  due  to  anode 
heating.  Exceeding  the  current  pulse  duration  also  gives 
rise  to  side-wall  erosion,  causing  further  reduction  of  tube 
life. 

VI.  Future  Scope 

It  is  evident  that  a  reliable  crowbar  firing  scheme  has 
to  be  developed  employing  current  transformers  as  out¬ 
lined  in  this  paper.  Fiber  optic  links  can  be  incorporated 
between  the  output  of  the  transformers  and  crowbar  fir¬ 
ing  circuit  to  enable  implementation  of  these  transformers 
in  the  existing  protection  circuit  of  the  complete  system. 
Voltages  developed  across  resistive  shunts  can  be  filtered 
adequately  with  RLC  networks  but  can  still  be  utilised  in 
the  crowbar  firing  circuit  with  slower  response  time. 
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ABSTRACT 

A  case  study  has  been  conducted  for  the  quanti¬ 
tative  analysis  of  the  transmission  line  effects  in  the 
Brookhaven  AGS  Booster  ring  dipole  and  quadrupole 
magnet  string.  The  Booster  is  a  rapid  cycling  synchro¬ 
tron  (7.5  Hz)  which  is  excited  by  multiphase  rectifier 
power  supplies.  A  computer  model  and  a  simulation 
program  are  developed  to  study  the  transient  current 
response  of  the  magnet  string  due  to  an  applied  step 
voltage.  To  damp  out  the  staircase  noise  caused  by 
wave  reflection  during  the  current  ramp,  external  resis¬ 
tors  will  be  added  in  parallel  with  each  half  dipole 
magnet  and  each  quadrupole  magnet.  The  system 
model  and  simulation  values  are  based  on  the  actual 
magnet  parameters,  the  magnet  power  supply  bus  sys¬ 
tem,  and  the  proposed  current  ramping  rate.  The  sys¬ 
tem  simulation  approach  can  be  applied  to  a  larger 
system  as  well,  and  will  be  briefly  discussed. 

INTRODUCTION 

In  the  AGS  Booster  main  ring,  there  are  36 
dipoles,  24  horizontal  and  24  vertical  focusing  quadru- 
poles.  The  main  coils  of  these  magnets  are  connected  in 
series  and  powered  by  multiphase  rectifier  power  sup¬ 
plies.  The  requirements  for  the  AGS  Booster  ring 
power  supplies  are  quite  varied.  They  must  act  as 
accurate  low  voltage  supplies  for  beam  injection;  they 
must  ramp  rapidly  up  and  down,  in  two  distinctly 
different  modes,  for  beam  acceleration  and  cycle 
recovery;  and  also  be  capable  of  flat  top  operation  for 
a  period  greater  than  two  seconds  for  accumulation  of 
polarized  proton  beams.  It  is  known  that  magnet 
strings  will  behave  like  a  varying  impedance  trsrssrais- 
sion  lines,  due  to  their  distributed  inductances  and 
capacitances.  This  leads  to  the  concern  of  pulse 
reflection  noise  problem  during  fast  current  ramping. 
The  circuit  models  of  the  dipole  and  quadrupole  mag¬ 
nets  are  f hown  in  Figure  i .  in  these  models,  Lq  ,  , 

Gp  are  the  dipole  magnet  inductance,  resistance,  or 
capacitance,  respeciivelv.  Ami,  Rq,  Cq  are  defined 

*  Work  performed  under  the  auspices  of  the  U.S.  Depart¬ 
ment  of  Energy. 
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similarly  for  the  quadrupole  magnet.  The  parameters 
used  in  the  simulation  are  summarized  in  table  1. 


LD 


Ro 


CO 

A 


A  A 

— v^v— I 


t£._L 


CO 


•  01 


L-wa,  '  ^ 


Ro 

T 


LO 

■V 


OIPOE  MfiOCT  mC€L 


LQ  RQ 
— VW— I 

CO  _L  -L^iJ 

m 


QUftDRL<=aE  fWrHET  tIOOCL 


Figure  1.  The  dipole  and  quadrupole  magnet  models. 


Table  1.  Magnet  Parameters 


Magnet 

Dipole 

Quadrupole 

Inductance 

3.2  mh 

0.35  mh 

Resistance 

1.5  mohm 

0.9  mohm 

Capacitance 

10  nf 

2  nf 

A  simplified  schematic  of  magnet  bus  connection 
and  power  station  arrangement  is  shown  in  Figure  2. 


Figure  2.  Simplified  schematic  of  the  AGS-Booster 
ring  magnet  power  supply  system. 


940 


This  arrangement  virtually  splits  the  circuit  into  two 
identical  strings.  One  is  from  I'*'  to  II~,  and  another  is 
from  II*  to  /“.  There  are  12  identical  sections  in  each 
string,  a  total  of  24  sections  in  the  ring.  Figure  3 
shows  a  typical  section  consisting  of  2  quadrupole 
magnets  and  3  top  or  bottom  halves  of  dipole  mag¬ 
nets.  The  computer  simulations  are  based  on  the  cir¬ 
cuit  model  of  one  entire  string  powered  by  two  sup¬ 
plies,  one  at  each  end,  with  the  same  voltage  ampli¬ 
tude  but  opposite  polarities. 
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Figure  3.  A  typical  section  of  the  magnet  string. 


magnets.  It  can  be  seen  that  the  current  differences 
reduce  to  below  0.01%  in  600  //5.  The  average  abso¬ 
lute  current  difference  of  dipole  and  quadrupole  mag¬ 
nets  to  the  design  value  is  shown  in  Figure  6,  where  it 
decreases  to  less  than  0.01%  in  about  200  (js .  It  may 
be  noticed  that  this  scheme  now  contains  a  high 
impedance  resistive  bypass  with  the  main  magnet 
string.  Therefore,  the  nonlinearity  of  current  ramping 
caused  by  parallel  and  series  resistance  should  be  taken 
into  account.  Figure  7  shows  the  dipole  and  quadru¬ 
pole  magnet  current  differences  to  the  design  value  in 
percent.  The  peak  difference  is  about  0.76%.  A  cure  of 
this  problem  is  to  apply  small  trimming  steps  during 
current  ramping,  and  current  tracking  to  the  command 
will  not  be  a  problem.  Compared  to  the  initial  step, 
each  trimming  step  must  be  fine  enough,  so  that  the 
reflection  noise  will  not  become  noticeable. 


SIMULATION  RESULTS 

The  transient  current  response  due  to  an  applied 
voltage  step  is  the  main  interest  in  this  study.  In  the 
AGS  Booster  operation,  the  mc^net  current  must  ramp 
up  linearly  from  600  amperes  to  2500  amperes  in 
60  ms ,  Thb  requires  a  voltage  step  about 
■f/— 1068  volts  at  each  end. 

Each  magnet  string  is  a  balanced  circuit  about 
the  center.  Therefore,  the  center  point  is  a  virtual 
short  of  the  transmission  line,  when  the  magnet  string 
is  powered  by  a  pair  of  power  supplies  with  equal 
amplitude  and  reversed  polarity.  The  wave  reflection 
time  is  twice  the  half  way  delay  time  of  the  transmis¬ 
sion  line.  The  initial  magnitude  of  the  staircase  noise  is 
about  U /Z,  where  U  is  the  voltage  step,  and  Z  is  the 
average  impedance  of  the  transmission  line. 

To  damp  out  the  noise,  first  we  added  an  exter¬ 
nal  resistor  in  parallel  with  each  half  dipole  magnet. 
As  one  might  expect,  the  result  shows  that  the  smaller 
the  external  resistance,  the  faster  the  noise  damping 
rate.  However,  the  current  sharing  between  the  exter¬ 
nal  resistor  and  the  dipole  magnet  results  in  a  current 
difference  between  the  dipole  and  quadrupole  magnets. 
For  better  tracking  of  the  quadrupole  and  dipole  fields 
in  the  Booster  ring,  it  is  necessary  to  put  an  external 
damping  resistor  in  parallel  with  each  quadrupole  mag¬ 
net  as  well  as  across  the  dipole  magnet. 

The  damping  resistor  used  with  each  half  of  the 
dipole  magnet  is  300  fi,  as  suggested  by  M.  Meth  in 
{4j,  and  a  50  G  resistor  is  used  for  each  quadrupole 
magnet.  Figure  4  shows  6  current  curves  of  quadrupole 
and  dipole  magnets  located  at  the  first,  middle,  and 
last  section  of  the  magnet  string,  for  the  first  2  ms 
after  the  excitation.  Figure  5  (a)  shows  the  absolute 
current  difference,  as  a  percentage,  between  quadrupole 
magnets  and  the  design  value,  and  (b)  of  the  dipole 
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Figure  4.  Current  response  of  dipole  tod  quadrupole  magnets. 


Figure  5  (a).  The  absolute  current  difference  between  quadrupole  magnets. 
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SIMULATION  APPROACH 

The  circuit  model  of  the  AGS  Booster  ring  mag¬ 
net  string  is  a  high  order  ladder  network.  For  an  N 
section  L-C  ladder  network,  the  network  matrix  size  is 
usually  2NX2N,  which  can  easily  go  beyond  the  capa¬ 
bility  of  the  electronic  simulation  programs.  To  simu¬ 
late  the  Booster  ring  magnet  string,  we  formulate  the 
network  in  state  space  form.  The  voltage  across  the 
capacitor  and  the  current  through  t*^  inductor  are 
chosen  as  the  state  variables.  Since  most  high  order 
ladder  network  have  all  the  distinctive  eigenvalues,  the 
simulation  can  be  obtained  by  using  an  eigen-system 
analysis  approach.  Applying  a  similarity  transforma¬ 
tion  to  the  state  equation,  the  output  can  be  converted 
to  a  summation  of  the  exponential  functions.  In  this 
simulation,  time  step  iteration  is  not  involved.  The 
simulation  accuracy  depends  on  the  circuit  model  and 
eigen-parameter  computation.  This  method  turns  out 
to  be  effective  and  of  better  simulation  accuracy.  How¬ 
ever,  it  is  restricted  that  the  network  must  be  a  linear 
system.  This  is  an  extension  of  the  method  we  used  to 
simulate  our  fast  kicker  systems.  Some  detailed  infor¬ 
mation  is  given  in  reference  [5|.  The  circuit  is  simu¬ 
lated  in  MATRJXx^.  We  developed  our  own  user  code. 
Expanding  the  stack  size  of  the  program,  this  method 
can  be  applied  to  a  larger  system. 
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Figure  5  (b).  The  absolute  current  diRereoee  between  dipole  magnets. 
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Figure  6.  The  average  absolute  current  diRerence  of  quadrupole 
and  dipole  magnets. 
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Figure  7.  Current  diRerence  to  the  design  value. 
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Abstract 

A  new  and  improved  regulator  and  trigger  control 
system  has  been  installed  in  the  "Fast"  Raster  Scanning  Power 
Supply  [I]*.  The  beam  scanning  system  was  developed  to 
achieve  a  more  precise  and  efneient  dose  delivery  method  for 
radiotherapy  treatments  [2].  This  article  discusses  design 
considerations,  measured  results,  and  provides  further 
elaboration  of  subsystem  feedback  and  control  functions  that 
had  not  been  discussed  in  the  previous  paper  [1,S], 

I.  INTRODUCTION 

The  Raster  Scanner  that  is  presently  being 
commissioned  at  the  Bevtdac  Biomedical  Facility  is  an 
important  new  beam  delivery  technique  for  performing 
radiotherapy  with  charged  particle  beams.  A  tightly  focused 
light  ion  beam  is  deflected  in  a  raster  scanning  fashion  with 
the  purpose  of  conforming  the  dose  distribution  to  the 
treatment  volume  (2,3,4,S].  Hiis  requires  very  well  regulated 
power  supplies  for  tightly  controlling  the  beam  spot 
movement  and  achieving  the  desired  dose  distribution. 

Initial  system  testing  of  the  power  supply  revealed 
several  component  and  system  reliability  problems  in  the 
"Fast"  scanner  section.  The  following  paper  offers  a  condensed 
discussion  of  the  nature  of  these  problems  and  their  subsequent 
resolution. 

II.  REVIEW  OF  "FASr  SYSTEM 

As  shown  in  flg.  1  the  fast  scanner  system  is  powered 
by  a  single  unipolar  SCR  controlled  power  supply  that  applies 
a  bipolv  forcing  voltage  to  the  magnet  via  a  synchronized 
bridge  network  of  silicon  controlled  rectifiers  (SCR)  switches 
and  a  single  gate  tum-on  thyristor  (GTO)  power  connecting 
switch  [6].  A  current-regulated  feedback  loop  precisely  controls 
the  the  magnet  field  during  both  the  charging  and  discharging 
cycles.  The  power  regulating  actuator  (426  amps  @  220  volts 
max )  is  a  grounded  source  MOSFET  transistor  assembly  (16 
heat  sinks  with  2S  devices  per  heat  sink)  that  is  mounted  in 
the  return  leg  of  the  SCR  bridge  network.  During  the  discharge 
cycle  a  majority  of  tne  stored  energy  of  the  magnetic  field  is 
dissipated  in  the  diode  resistor  (energy  dump)  network  and  the 
remainder  in  the  actuator.  High  power  back-to-back  zener 
diodes  connected  across  the  magnet  provide  over  voltage 
protection  and  act  as  a  freewheeling  voltage  clamp  to 
extinguish  the  residual  magnet  current.  The  latter  process 


necessarily  occurs  at  very  low  currents  and  is  required  before 
the  bridge  switches  can  reverse  the  magnet  polarity.  This 
transition  is  defined  as  the  "zero  current  crossover  region"  of 
the  scanning  cycle. 

III.  PROBLEMS  ENCOUNTERED  AND  SOLUTIONS 
DEVISED 

A.  Operational  problems: 

Throughout  the  construction  of  this  project  all  the 
standard  methods  of  noise  suppression  and  decoupling  were 
carefully  employed  to  suppress  extraneous  cross  talk  and 
undesirable  feedback  paths.  However,  recunent  system  and 
component  failures  during  the  power  testing  phases  revealed 
valuable  information  for  further  system  improvements. 

Noise  induced  failures  demonstrated  several  inherent 
weaknesses  in  the  GTO  commutation  circuits  and  the  need  to 
expand  and  improve  the  fault  detection  and  alarm  circuitry, 
Unexpected  delays  in  the  switching  confirmation  circuitry  (B 
dot  trigger  circuit)  resulted  in  unnecessary  perturbations  in  the 
zero  ciurrent  crossover  region  and  suggested  a  need  for  better 
triggering  alternatives.  The  current  dependent  transconductance 
of  the  FET  actuators  at  very  low  currents  contributed  to 
feedback  loop  stability  problems.  The  nature  and  scope  and  of 
these  problems  suggested  a  systematic  improvement  of  the 
regulator/trigger  control  scheme. 

B,  The  basic  triggering  philosophy: 

The  there  are  several  underlining  principles 
implemented  in  the  regulator/trigger  chassis  that  m^e  control 
of  the  switching  network  unusually  precise  and  immune  to 
misfire.  First,  the  sequence  for  the  triggering  of  the  SCR  and 
GTO  switches  is  divided  into  four  logical  "states".  These  are; 
the  charging  cycle  (GTO  is  "on"  with  one  set  of  SCRs 
conducting)  and  the  magnet  current  polarity  is  forward  (1)  or 
reversed  (2)  and  the  discharging  cycle  (GTO  is  "off  with  with 
one  set  of  SCRs  conducting)  and  the  magnet  is  discharging 
(freewheeling)  down  from  the  forward  (3)  or  reverse  (4)  polarity 
condition  toward  the  zero  cunent  crossover  region.  Secondly, 
the  process  of  switching  between  states  is  verified.  Each 
"state"  command  that  sets  a  desired  flring  sequence  for  the 
GTO  and  Bridge  switches  is  quickly  compared  against  selected 
magnet  parameters  that  are  continually  monitored  within  the 
system. 


*  This  investigation  was  supported  by  tlie  U.S.  Department  of 
Energy  Contract  No.  DEAC0376SF00098  and  in  part  by  the  National 
Institute  of  Health  under  Grant  No.  CA49562. 

U.S.  Government  work  not  jxotected  by  U.S.  Copyright. 
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"Fast"  scan  system 


These  four  separate  and  unique  "states"  in  conjunction  with  the 
veriftcation  function  eliminate  any  possibility  of  the  firing 
logic  loosing  track  of  the  scanning  process.  A  "short  through" 
condition  were  two  SCRs  on  the  same  side  of  the  magnet  fire 
simultaneously  will  also  be  avoided.  If  the  chosen  switch  state 
is  incorrect  the  system  can  shut  down  in  a  well  defined  and 
protected  manner. 

An  example  of  the  "state"  and  verify  operation  is 
illustrated  during  the  zero  current  crossover  region.  As  the 
magnet  current  (trace  #1  of  fig.  2)  approaches  its  polarity 
switching  region  (  <  4.0  amps.)  the  conducting  SCRs  are 
commutated  off.  To  aid  the  SCR  commutation  the  regulator 
feedback  loop  is  also  momentarily  opened  and  the  scries 
actuators  driven  into  the  nonconduction.  As  seen  in  trace  #2 
the  magnet  bucking  voltage  rapidly  rises  to  its  zener  clamp 
level  (app.  325  volts)  forcing  the  remaining  magnet  cunent  to 
decay  rapidly  to  zero.  When  the  magnet  voltage  has  collapsed 
to  a  preset  threshold,  the  actuator  is  then  driven  to  an  optimal 
bias  level  to  initiate  a  smooth  transition  to  the  next  state.  At 
the  point  where  the  locus  of  the  controlling  reference  signals  a 
polarity  reversal  the  alternate  SCRs  are  turned  on  and  the 
feedback  loop  is  closed.  The  resulting  controller  scheme  is 
very  flexible  and  provides  full  four  quadrant  scanning  with 
triangular  or  any  selection  of  variable  slope  waveforms. 

C.  New  Regulatorltrigger  hardware  layout: 

The  regulator/trigger  system  is  divided  into  two 
chassis.  All  analog  monitor,  feedback,  and  conuol  signals  are 
fed  to  and  from  the  regulator  chassis.  Reference  control  and 


feedback  regulator  circuits  are  contained  within  the  chassis. 
The  magnet  parameters  (zero  cross  region.  B  dot.  reference 
locus,  cunent  and  voltage)  and  the  fast  alarms  are  detected  in 
tho  regulator  chassis  and  digitally  transmitted  to  the  trigger 
chassis. 


Trig  1.07  V  +  EXT  = 


Fig.  2 

Magnet  current  (#1-  5A/div.)  vs  Magnet  voltage  (#2  - 100 
V/V) 

The  trigger  chassis  accepts  commands  from  the  beam 
delivery  conuol  system  and  provides  the  control  logic  for  the 
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state  controller  and  the  servr/'fault  detection  circuitry  the 
chassis  generates  the  proper  "states"  that  are  translated  into 
trigger  signals  for  the  bridge  SCRs  and  GTO  during  the 
scanning  cycle.  At  any  zero  current  crossover  region  or  during 
any  serious  fault  condition  the  trigger  chassis  opens  the 
regulator  feedback  loq)  and  drives  the  actuator  and  magnet  by  a 
ixedefined  cunent  levd. 

To  protect  the  system  from  catastrophic  failures  a 
more  extensive  set  of  fast  alarms  was  installed  in  the  regulator 
chassis.  In  conjunction  with  open  loop  control  function  of  the 
trigger  chassis  the  magnet  can  be  ramped  down  in  a  very 
pre^ctable  manner  at  any  power  level.  The  fast  alarms  are 
supplemented  by  delayed  aU^s  that  allow  the  completion  of  a 
scan  cycle  if  a  few  actuator  transistors  have  failed  during  the 
cycle. 

The  noise  layout  for  the  regulator  chassis  needed  to  be 
very  rigorous.  To  minimize  cross  talk  all  analog  and  digital 
signals  were  separately  routed  by  the  careful  placement  of  the 
subsystem  functions.  All  sensitive  analog  signals  are 
interconnected  via  twisted  pair  wire  and  received  by  laser 
trimmed  precision  differential  ampUners  [7]. 

Both  chassis  were  designed  to  promote  ease  of  testing 
and  debugging.  Among  the  number  of  available  options  is  a 
simulation  mode.  All  the  necessary  magnet  parameters  that  are 
required  for  normal  operation  are  simulated  and  fed  back  into 
the  chassis  to  completely  recreate  the  pulse  sequence  for  the 
SCR  and  GTO  switches. 

D.  Other  Hardware  mod^catioHs: 

All  the  power  switches  in  the  original  "fast"  scanner 
system  were  Toshiba  GTOs.  During  the  pc'ver  testing  phase  a 
number  of  gate  drive  units  and  GTOs  failed.  The  expense 
(-$1000.00  per  device)  and  long  delivery  time  (>20  weeks) 
posed  a  serious  bottleneck  for  efficient  repair  times. 
Consequently  we  decided  to  replace  bridge  GTOs  with  off-the- 
shelf  SCRs.  As  shown  in  Fig.  1  isolated  trigger, 
commutation,  (effective  at  <  S.O  amps.),  and  bias  current 
holding  circuits  were  added  to  each  SCR  to  make  their 
operation  compatible  with  the  GTOs  they  replaced.  The  GIX) 
power  switch  was  retained  for  it's  superior  high  current 
commutation  ability(>  600  amps.). 

To  protect  the  actuators  from  the  induced  magnet 
voltage  when  the  power  GTO  switches  off,  a  power  zener 
string  of  about  2S0  volts  was  connected  across  the  actuator 
assembly.  A  bias  resistor  connected  from  the  main  power 
supply  to  the  drain  of  the  actuators  provides  a  bias  current  to 
prevent  the  actuators  from  saturating  during  the  zero  current 
crossover  region.  Finally,  in  an  attempt  to  eliminate  the  last 
of  the  obvious  ground  loops  and  adhere  to  the  single  point 
ground  philosophy  all  control  and  monitor  signals  to  and  from 
the  scanner  system  and  the  Biomedical  control  room  were 
optically  isolat^ 

IV.  RESULTS 

The  oscilloscope  photograph  in  Fig.  3  shows  the 
transductor  magnet  current  for  both  systems.  The  upper  trace 
illustrates  the  zig-zag  pattern  of  the  fast  system  magnet  current 
sweeping  from  a  range  of  +/-  220  amps.  The  slope  is 
approximately  34  ampsV  ms.  or  68  %  of  the  maximum  value, 
llie  lower  waveform  is  the  derivative  of  the  magnetic  field  and 


is  obtained  from  a  B  dot  coil  mounted  in  the  "fast"  magnet 
gap.  Over  most  of  the  sweep  the  B  dot  variation  is  <  +/- 
2.0%.  The  large  deviations  observed  during  the  zero  crossing 
region  can  be  tolerated  in  the  clinical  application  since  their 
excursions  last  less  than  1.0  ms.  Gross  deviations  in  B  dot 
occur  for  about  2  ms  as  the  GTO  switch  is  turned  off  and  the 
magnet  begins  to  freewheel  down  towards  zero  current.  This 
problem  will  be  corrected.  The  raster  scanning  beam  delivery 
system  is  now  being  commissioned  and  its  clinical  use  will 
start  in  the  near  future. 


Fig.  3 

Magnet  current  (#1-  lOOA/div.)  vs  B  dot  voltage  (#2)  full  scan 
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ABSTRACT 


The  South  Hall  Ring  (SHR)  under  construction  at  the 
MIT-Bates  Linear  Accelerator  Center  will  provide  a  high 
duty  factor  electron  beam  and  internal  target  capability  for 
nuclear  research.  For  proper  operation  of  the  pulse 
stretcher  ring,  a  large  number  of  highly  stable  power 
supplies  are  required.  Most  of  these  supplies  will  be 
powering  mulUpole  magnets  at  currents  ranging  from  10 
A.  to  ISSA.  with  the  output  power  between  1.2  and  11.S 
KW.  The  high  stability  specifications  of  these  supplies, 
better  than  25  PPM  of  the  1.1  GEV  current  value, 
including  temperature  drift  and  ripple,  normally  suggests 
the  purchase  of  custom  manufacture  supplies.  However, 
due  to  the  costs  of  custom  supplies,  we  tested  the 
feasibility  of  upgrading  commercial  supplies  with  an 
external  controller  to  improve  the  current  regulation  from 
a  typical  value  of  200  PPM  to  better  than  25  PPM. 

Several  upgrade  configurations  were  tested.  The 
results  of  those  tests  are  discussed  as  well  as  some  data  on 
the  final  design. 

I.  INTRODUCTION 

The  South  Hall  Ring  project  under  construction  at 
Bates  Linear  Accelerator  Center  will  require  over  80 
power  supplies  for  the  multipole  elements.  Some  of  the 
quadrupoles  and  sextupoles  will  be  run  in  series  to  cut 
down  on  the  number  of  supplies.  Their  stability,  including 
ripple,  noise  and  drift,  must  be  better  than  25  PPM  over  a 
temperature  span  of  lO’C.  Usually  this  type  of  power 
supply  is  custom  made  and  costs  from  2  to  3  times  more 
than  an  "off  the  shelf  supply  of  similar  output  power. 
Due  to  the  cost  considerations  we  opted  to  test  several 
supplies,  both  linear  and  switching,  with  an  external 
upgrade  to  improve  the  stability  specifications  to  better 
than  25  PPM.  After  testing  several  configurations,  we 
settled  (m  a  design  which  uses  two  control  loops,  a  voltage 
loop  which  is  inside  the  supply  to  reduce  the  ripple  to 
acceptable  levels  and  an  external  control  loop  which 
regulates  the  current  loop  and  keeps  the  drift  within 
tolerances.  This  approach  has  been  tested  and  regulates 
the  supplies  within  the  tight  stabiiity  specifications 


required  for  the  successful  operation  of  the  South  Hall 
Ring. 

II.  Design  Approach 

It  is  easily  shown  that  the  components  which  affect  the 
stability  drift  performance  are  the  shunt,  analog  reference, 
and  the  error  amplifier.  We  opted  to  place  these 
components  on  an  external  controller  board  with  low  drift 
devices.  Once  this  is  done,  the  greatest  effect  on  the 
ripple  and  noise  specifications  are  given  by  the  gain  of 
the  feedback  loop  and  good  shielding  and  grounding 
practices.  In  the  first  configuration  that  was  tested,  our 
error  amplifier  output  was  "ORed”  with  the  supply's 
voltage  and  current  regulation  loop.  The  shunt  was  placed 
directly  in  series  with  the  internal  shunt,  within  the  output 
capacitor  circuit,  thus  seeing  a  "fast"  current  being  shorted 
through  the  capacitor  and  a  "slow"  current  from  the  load. 
The  loop  transfer  curves  are  shown  in  figure  1. 
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Figure  1.  Spice  model  of  a  Bcxle  plot  for  the  shunt  currents  and 
output  voltage 

In  this  case  an  integrator  with  a  simple  zero-pole  pair 
compensates  for  the  toad  and  filter.  The  required 
rejection  at  the  line  frequencies  was  easy  to  obtain.  The 
problem  with  this  configuration  is  that  the  le.akage  ccirent 
through  the  capacitor  changes  with  temperature,  so  we 
would  see  drifts  in  the  output  current  due  to  room 
temperature  changes.  We  then  moved  the  shunt  outside 
the  capacitor  so  it  would  be  regulating  only  on  the  load 
current.  This  solves  the  drift  problem,  but  the  resulting 
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current  transform  has  an  additional  pole,  thus  increasing 
the  complexity  of  the  feedback  loop.  In  this  configuration 
it  is  hard  to  get  enough  rejection  of  the  line  ripple.  The 
final  setup  was  to  use  the  original  voltage  loop,  with 
minor  adjustments  in  the  feedback  to  reject  the  line  noise. 
The  output  of  our  regulation  loop  is  then  used  as  the 
reference  into  the  voltage  loop.  This  gives  us  a  fast  inner 
loop  which  compensates  for  line  ripple  and  noise,  and  a 
slow  outer  loop  for  control  of  the  current  stability. 


Figurt  2.  Block  diagram  of  power  lupply  control  loops. 


in.  System  Overview 

The  power  supply  consists  of  three  separate  systems; 
the  commercial  power  supply,  the  analog  board  and  the 
digital  board.  power  supplies  are  manufactured  by 
Electronic  Measurements,  Inc.  in  Neptune  NJ.  They  are 
powered  in  the  constant  voltage  mode,  using  the  error  sig> 
nal  frmn  the  analog  board  as  the  voltage  reference.  The 
current  control  mode  acts  as  a  local  current  limit 

The  Bates  analog  board  [1]  contains  the  DAC,  three 
ADCs,  the  shunt  amplifier,  the  error  amplifier,  and  the 
interface  to  the  digital  board.  The  analog  board  is 
galvanically  isolated  from  the  digital  board.  The  shunt 
has  a  flow  switch  used  as  a  power  supply  interlock  in  the 
digital  beard.  Control  signals,  the  DAC  setting  and  the 
three  ADC  signals  are  run  serially  through  optocouplers 
for  isolation.  Power  coming  from  the  digital  board  goes 
through  dc  to  dc  converters  for  isolation. 

The  digital  board  contains  a  Bitbus  interface  for  re¬ 
mote  control,  the  serial  interface  between  the  analog  board 
and  the  digital  board,  the  status  from  the  power  supply, 
the  control  logic  for  the  power  supply  DC  on/off,  power 
supply  interlock  resetting,  and  the  magnet  interlocks. 
There  is  a  microcontroller  (8044)  which  takes  care  of  the 
communications  and  timing.  Ramping  and  cycling 
procedures  are  handled  by  the  microcontroller. 

IV.  POWER  SUPPLY  CONHGURATION 

The  EMS  "DCS"  series  power  supplies  are  switching 
mode  power  converters  with  output  power  ranging  from 
600  watts  to  over  10  Kilowatts.  The  power  supplies 
overall  regulation  is  about  0.1  %. 


Figure  3.  Block  diagram  of  the  power  aupply  ayatem. 


The  basic  hardware  configuration  is  the  same  for  both 
the  voltage  and  current  modes  of  operation.  A  reference 
signal  is  compared  with  a  sample  of  either  the  voltage  or 
current,  and  the  difference  is  amplified  through  an  error 
amplifier.  Both  error  amplifiers  have  an  integrator  and  a 
zero-pole  configuration.  The  feedback  is  designed  to  be 
stable  when  powering  a  wide  range  of  loads.  The  output 
of  the  voltage  error  amplifier  is  then  ORed  with  the  output 
of  the  current  error  amplifier  and  a  shutdown  circuit  such 
that  any  one  can  shut  down  the  PWM  but  only  one  will 
regulate  at  a  time,  depending  on  the  load  resistance.  The 
PWM  drives  a  full  bridge  configured  as  a  buck  converter. 
For  the  S  and  10  KW  supplies,  two  or  four  bridges  are  run 
in  parallel  to  double  or  quadruple  the  current  capacity. 

V.  CONTROLLER  CONFIGURATION 

In  order  to  meet  the  stability  specifications,  an  external 
shunt  and  a  stable  reference  are  added  to  the  system.  The 
voltage  reference  is  a  Thalor  precision  Sv  reference  with  a 
temperature  coefficient  of  better  than  .6PPM/*C  and  line 
regulation  specifications  of  better  than  2PPM.  /  V.  The 
DAC  is  16  bits  and  has  a  long  term  drift  of  less  than 
1PPM/*C  and  offset  of  better  than  .SPPMTC.  The  shunts 
are  Zeranin  shunts  with  a  tolerance  of  .1  percent.  The 
temperature  coefficient  is  3  PPM  over  a  temperature  range 
of  0  to  60  ’C.  They  are  water  cooled  with  an  input  water 
temperature  of  30°  ±  TC  and  can  dissipate  up  to  200 
watts.  The  shunt  signal  goes  through  a  common  mode 
filter  to  kill  any  switching  frequency  noise  with  a  cutoff 
frequency  of  about  600Hz  and  is  then  amplified  by  an 
instrumentation  amplifier  (an  LTllOl)  with  a  fixed  gain 
of  10,  then  amplified  again  (Av~1.2)  to  have  an  output  of 
10  volts  at  the  supplies  full  output  current.  The  second 
amplifier  has  the  necessary  offset  and  gain  adjusUnent  for 
calibration  purposes.  This  signal  is  routed  to  the  front 
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panel  for  monitoring,  and  also  to  a  voltage  divider  whose 
ou^ut  goes  to  the  error  amplifier  and  to  a  16  bit  ADC. 
This  circuit  is  shown  in  Fig.  4.  The  output  of  the  error 
amplifier  goes  into  the  voltage  channel  reference  input  of 
the  power  supply.  The  shield  of  this  cable  is  where  the 
common  of  the  supply  is  tied  to  the  common  of  our  analog 
circuit.  All  shield  coming  in  to  the  analog  board  are  tied 
at  the  same  place  on  the  ground  plane  of  the  analog  board 
to  eliminate  any  ground  loops. 


Figure  4.  Schematic  of  voltage  and  current  control  loops 


VI.  VOLTAGE  LCX)P 


loop  stability.  Figure  6  shows  the  current  loop  response 
with  the  voltage  loop  closed.  From  this  chart  it  is  clear 
that  we  will  not  have  any  problems  with  stability  as  long 
as  we  close  the  loop  under  100  Hz. 


Figure  S.  Bode  plot  comparing  the  modifies  voltage  feedback 
loop  with  the  original  feedback  loop. 


At  approximately  360  Hz  there  is  a  resonant  circuit 
due  to  a  mismatch  in  the  input  common  mode  filter. 
Below  this  frequency  the  gain  drops  rapidly  due  to  the 
shunt  filtering. 


The  stability  specification  of  2S  PPM  includes  all 
ripple  and  noise.  The  worst  case  for  ripple  is  at  60  Hz 
with  a  single  quadrupole  as  the  load.  After  calculating  the 
maximum  ripple  from  each  supply  and  comparing  that 
with  the  maximum  current  ripple  allowable,  we  find  that 
each  supply's  voltage  feedback  loop  has  to  be  modified 
slightly.  Table  1  shows  the  minimum  amount  of  gain 
boost  required  for  each  supply  to  bring  the  ripple  and 
noise  specifications  into  tolerance.  From  this  table,  we 
see  that  if  we  boost  the  voltage  loop  gain  by  10  to  20  dB, 
we  will  mote  than  cover  all  the  cases  for  the  ripple 
specifications.  Fig.  S  shows  the  measured  loop  response, 
with  a  quadrupole  as  the  load,  for  the  EMS  loop  and  the 
modified  voltage  loop.  The  supply  used  in  this  example 
was  an  EMS  60*80.  Figure  4  shows  the  modified  voltage 
feedback  circuit.  In  this  case,  the  addition  of  an  integrator 
in  the  voltage  feedback  loop  would  have  been  beneficial. 
This  can  be  implemented  with  just  a  change  of  values  in 
the  original  EMS  design. 


Amp 

s 

155 

110 

80 

60 

60 

52 

40 

40 

10 

Volts 

70 

95 

70 

80 

40 

48 

120 

30 

125 

DB's 

1.6 

4.2 

3.2 

7.7 

7.7 

.74 

12.4 

3.7 

Table  1 


With  the  voltage  loop  closed  at  a  bandwidth  of 
between  S  and  lOKhz,  the  loop  has  enough  rejection  at 
the  line  frequency  for  the  stability  specifications.  The 
current  loop  now  can  be  closed  at  a  low  enough  frequency 
so  the  exu^  pole  introduced  by  the  load  is  above  the 
bandwidth  of  the  circuit  and  does  not  affect  the  current 


Figure  6.  Current  loop  with  voltage  loop  closed. 


VII.  Conclusion 

The  design  discussed  has  been  shown  to  comply  with 
the  high  stability  specifications  for  the  multipole  power 
supplies  in  the  South  Hall  Ring  project.  We  have  ordered 
81  power  supplies  for  the  quadrupole  and  sextupole 
magnets  which  will  utilize  this  upgrade.  The  supplies  will 
be  upgraded  and  tested  by  EMS  with  deliveries  expected 
in  August  1991. 
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Abstract 

The  resonance  power  supply  is  widely  used  and  proved  to 
be  an  eflicient  method  to  supply  accelerator  magnets.  The 
literature  describes  several  power  supply  circuits  but  no 
comprehensive  theory  of  q)eration  is  imsented.  This  paper 
presents  a  mathematical  method  which  describes  the  operation 
of  the  resonance  power  supply  and  it  can  be  used  for  accurate 
design  of  components. 

1.  INTRODUCTION 

The  resonance  power  supply  is  being  used  for  acceleraUM’ 
nsagnet  excitation  in  the  last  two  decades.The  fust  qjplication 
was  in  the  Princeton  Pennsylvania  Accelerator  (!].  In  1978 
Praeg  and  McGhee  [2]  reported  the  utilization  of  series 
resonant  network  to  generate  biased  sine  wave  excitation 
current  for  the  Argonne  National  Laboratory  Synchrotron. 
Subsequently  Praeg  and  colleagues  presented  several  papers 
discussing  the  dual  frequency  resonance  power  suf^Iy  with  flat 
top  and  flat  bottom  [3,4].  Karady  et  al  [5,6]  presented  a  design 
inkhod  for  a  10  kA,  10  kV  resonance  power  sui^ly  in  which 
they  proposed  component  realization  and  system  optimization. 
In  the  Uterature  transient  simulation  techniques  (SPICE, 
MICROCAP  etc.)  are  used  to  analyze  the  operation  of 
resonance  power  supplies.  These  techniques  simulate  the 
operation  correctly  but  do  not  describe  the  phenomena.  A 
mathematical  analym  is  required  to  obt^  bettk  understanding 
of  the  system  operation. 

The  resonance  power  siqrply  qreration  consists  of  distinct 
periods  and  each  period  reiuesents  a  state  of  the  system.  The 
cyclic  operation  of  the  power  supply  can  be  described  by  the 
transition  from  one  state  to  the  other.  Each  period  can  be 
described  by  a  set  of  state  equations.  The  state  space  method 
simpUfles  the  computation  and  provides  insight  into  the 
physical  phenomena. 

The  purpose  of  this  pr^r  is  to  apply  the  state  space 
method  for  the  analyses  of  resonant  power  supply  operation. 

2.  METHOD  OF  ANALYSIS 

a.  System  definition 

The  resonance  power  supply  circuit  diagram  and  the 
required  current  wave  shape  are  shown  in  Figure  1.  It  can  be 
seen  that  the  system  operation  is  divided  into  four  states; 
injection,  acceleration,  flat  top  and  reset 
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Figure  1.  Required  Current  shape  and  Circuit  diagram. 

b.  Concept  of  the  analysis 

The  circuit  diagram  for  each  state  was  identiflcd  and  the 
state  space  equations  were  derived.  In  steady  state  sequentird 
operation  the  states  follow  each  other.  Therefore  the  initial 
conditions  for  a  state  are  the  final  conditions  of  the  previous 
state.  This  procedure  results  in  a  set  of  simultaneous 
differential  equations.  The  solution  of  these  equations  using 
the  state  qiace  method  describes  the  system  (^ration.  The 
state  equations  were  also  solved  using  the  Laplke  Transform 
method.  The  solutions  obtained  by  the  state  space  method 
were  verified  by  the  Laplace  Transform  method  using  the 
MATHEMATICA  package  for  computation. 

c.  List  of  symbols 

Lm,  Rm  Magnet  inductance  and  resistance  respectively. 
Lch.Rch  Qxdie  inductance  and  resistance  respectively. 

Cl,  Rcl  Capacitor  Bank  1  and  bus  bar  resistance 
respectively. 

C2,  Rc2  Capacitor  Bank  2  and  bus  bar  resistance 
respectively. 


3.  OPERATION  ANALYSIS 


a.  Injection 

The  system  equivalent  circuit  for  the  injection  period  is  shown 
in  Figure  2. 
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Figure  2.  Current  path  during  injection  period 
The  state  qxce  equations  fear  this  circuit  are : 

§!±  =  .a  U  - 
at  ^  Uch 

Vm  =  imR  -  V,i  -  ichRsWl 
where, 

g.dtch-Ht.'.l),  R.R^  +  R,^, 


Figure  3.  Current  path  during  acceleration. 

The  differential  equations  representing  the  accelerating  period 
are  given  by, 


1 

2 


ss .  a  -  ^h  +  _1_  +  la) 

3,2  at  CUh*U^^3t 


a^i, 


jn  _ 
dt2 


=  -b 


+  7L(R.%  +  ^) 


aim 

at  CLm’Lm'‘'"at 


3  where. 


The  solution  of  these  equations  results  in  the  equation. 


Ihe  equations  1  and  2  in  state  space  form  are. 
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dirh 
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dt 

bl  0 
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ich(iO) 

+ 
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.  0  . 
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The  final  value  of  the  choke  and  magnet  current  for  the 
injection  period  are  the  initial  values  for  the  acceleration 
period. 

b.  Acceleration 

The  acceleration  period  starts  with  the  opening  of  the 
GTO  switch  SWl  and  the  closing  of  the  capacitor  bank  switch 
CSW.  The  switches  insert  the  capacitor  banks  in  the  circuit. 
The  current  paths  are  shown  in  Figure! 


Rc  Rch  Rc-^-Rm 

Lch  ,  U  8 

The  solution  of  the  circuit  equations  is  obtained  from  the  state 
rqvesentation. 
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The  final  values  obtained  from  equation  9,  are  used  as  initial 
values  for  the  next  state. 

c.  Flat  Top 

The  flat  top  state  is  initiated  by  the  closing  of  SW2, 
which  short  circuits  the  capacitor  bank.  The  cunent  path  is 
similar  to  that  shown  in  Figure  2,  except  that,  the  current 
direction  is  reversed  and  SW2  is  operating  instead  of  SWl. 
The  state  space  equations  for  this  period  are  similar  to  that  of 
the  injection  period. 

The  final  values  of  the  flat  top  period  are  used  as  initial 
values  for  the  next  state. 

d.  Reset 
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The  reset  period  is  initiated  by  the  opening  of  SW2,  which 
inserts  the  capacitor  bank  in  the  circuit.  The  current  path  is 


similar  to  that  shown  in  Figure  3,  but  now  only  capacitor 
bank  Cl  is  in  Ae  circuit 

The  state  space  equations  are  similar  to  the  equations 
obuyned  for  the  acceleration  period. 

The  final  values  obtained  are  used  as  initial  values  to  the 
next  injection  state  of  the  next  cycle. 

4.  SOLUTION  STRATEGY 

The  input  data  required  for  the  solution  of  the  state  qtace 
equations  are :  a)  The  starting  time  and  ending  time  for  each 
state,  b)  The  system  parameters(resistance,  inductance, 
cafMcitance  values),  c)  The  constraints  on  the  magnet  current 
For  example  the  magnet  current  has  to  be  kqn  constant  during 
the  flat  top  and  the  maximum  and  minimum  values  of  the 
magnet  cunent  to  any  cycle  are  fixed. 

The  analysis  uses  two  variables  Icho  and  Imo  which  are 
the  initial  chtrite  and  magnet  currents.  The  state  space 
mixeaeatatioo  of  different  periods  in  terms  of  these  variables 
are  formulated.  The  system  behavior  is  studied  with  respect  to 
variations  in  kho  and  Imo  and  other  parameters. 

5.  LOSS  ANALYSIS 

The  application  of  the  developed  method  is  demonstrated 
by  the  cakuladon  of  energy  losses  in  a  resonant  power  supply 
aynem  described  in  detail  by  Karady  et  al  [5].  The  analysis 
starts  with  computation  of  voltage  required  in  series  with  the 
magnet  during  injection  and  flat  tc^  periods.  These  voltages 
are  highly  regulated  ramps  to  keep  the  magnet  current 
constant  The  state  space  equations  were  solved  using  the 
described  method  using  the  MATRKX  Math  Program. 

Typical  results  are  shown  in  Figure  4,  which  presents  the 
capacitor  bank  current  during  the  acceleration  and  reset  period. 
Figure  5  shows  the  load  on  the  system  as  a  function  of  time, 
ttcanbeseen  that  the  majority  of  the  losses  occur  during  the 
flat  lop  period.  Also  the  calculation  indicates  that  the  current 
at  the  end  of  the  reset  is  less  than  the  initial  current  required  for 
the  injection  period.  Therefore  the  system  requires  i^tional 
energy  injection. 
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Figure  S.  Load  on  the  system  as  a  function  of  time. 

6.  CONCLUSION 

The  results  of  the  presented  analysis  can  be  summarized  in  the 
following  points; 

1.  This  paper  introduces  the  state  space  method  for  the 
analysis  of  resonant  power  supply  operation. 

2.  The  state  space  method  r^uces  simultaneous  differential 
equations  to  a  set  of  linear  equation,  which  reduces 
computational  complexity. 

3.  This  method  can  be  used  an  an  effective  design  tool  for 
physical  realization  of  resonance  power  supplies. 

4.  The  advantages  of  the  method  were  demonstrated  using  a 
practical  example. 
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Figure  4.  Capacitor  bank  current  in  Acceleration  and  Reset 
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Abstract 

Stability  and  frequency  response  enhancements  can  be 
made  to  custom  manufactured  and  off-the'Shelf  power 
supplies.  Combmed  power  converter  and  magnet  loads  that 
result  m  poor  transient  response  and  marginal  loop 
stability  due  to  inadequate  phase  mar^n  can  be  corrected 
with  a  systematic  approach  utilizing  lead  compensation 
techniques.  Using  a  Venable  Systems  350  Frequency 
Response  Analyzer  two  actual  case  studies  are  documented 
demonstrating  a  practical  approach  to  stabilizing  and 
enhancing  a  power  supply’s  performance.  A  description  of 
the  system  and  conventions  are  followed  by  a  description 
of  two  power  supplies  with  specific  deficiencies.  The  first 
case  study  involves  a  power  supply  without  a  dominant  pole 
output  capacitor.  The  next  case  study  involves  a  power 
supply  driving  a  highly  damped  resonant  load.  The  paper 
in  concluded  a  by  a  discussion  of  measurements  pitfalls. 

I.  Introduction 

This  paper  will  outline  two  case  studies  where  the 
frequency  response  of  laboratory  grade  precision  power 
supplies  were  enhanced.  The  techniques  used  are  simple, 
practical  ways  to  compensate  feedback  loops.  The  approach 
consists  of  first  measuring  the  frequency  response  of  a 
system.  Second,  selecting  a  desired  frequency  response  (i.e. 
crossover  frequency  and  phase  margin).  Third,  designing 
and  implementing  an  error  amplifier  and/or  other 
compensating  amplifiers  that  fulfill  the  specifications.  And, 
fmally  verifying  the  results  by  measurement. 

Trial  and  error  schemes  so  often  used  by  power 
supply  vendors  proved  to  be  inadequate  especially  when 
the  iavored  approach  is  to  employ  a  large  capacitor  across 
the  output.  The  lUCF  Cooler  Ring  having  ^en  designed 
with  a  highly  interactive  power  supply  network  required  the 
removal  of  all  output  capacitors  which  necessitated  the 
complete  redesign  of  all  control  loops,  Some  50  channels 
were  involved  and  simple  ‘seat  of  the  pants’  tinkering 
clearly  would  not  suffice.  A  device  was  needed  to  measure 
the  frequency  response  (under  closed-loop  conditions)  to 
allow  quick,  reliable  measurements  of  loop  characteristics 
over  a  range  of  operating  conditions,  and  synthesis 
methods  to  properly  match  the  dynamics  of  all  elements  of 
the  network. 

Past  practices  at  this  facility  did  not  have  the 
capability  to  execute  the  above  approach  until  the  rental 
and  finally  purchase  of  a  Venable  Model  350  Frequency 
Response  Analysis  System  (VFRAS).  However  due  to  the 
need  for  precision  ramping  of  power  supplies  under 
adverse  condition  removal  of  output  capacitors),  a 


practical  approach  was  developed  to  enhance  the  operation 
of  dozens  of  power  supply  channels. 

Additionally,  efforts  have  been  directed  toward 
successfully  modeling  measured  data.  However,  to  date  we 
have  achieved  only  limited  success,  although  in  the  near 
future  we  expect  to  complete  accurate  modek. 

II.  Discussion 

A,  Test  Equipment 

The  VFRAS  consists  of  a  personal  computer,  software, 
and  a  three  channel  commercial  frequency  response  analyzer. 


Flgurt  1  >  ^em  Block  Diapam. 

Figure  1  shows  a  general  block  diagram  of  the  power 
supplies  that  are  to  be  discussed.  Measurements  are 
accomplished  by  inserting  a  100  ohm  resistor  within  the  loop. 
An  excitation  signal  creates  a  perturbance  which  can 
measured  around  the  loop.  Transfer  functions  for  dlBerent 
blocks  within  the  loop  and  the  loop  itself  are  represented  in 
Bode  diagram  format.  Furthermore,  closed  loop  plots  can  be 
made  by  exciting  the  reference  input  and  measuring  the 
output  over  the  input. 

Additionally,  the  VFRAS  will  design  an  error  amplifier 
for  loops  with  an  undesirable  response.  There  are  three 
error  amplifier  lead  compensation  design  options  which  are 
determmed  by  phase  requirements.  The  first  is  a  simple 
integrator.  The  second  has  a  pole  at  the  origin  and  a  zero 
followed  by  a  pole.  The  last  option  is  used  when  phase  boost 
requirements  are  greater  than  90°,  and  consists  of  a  pole  at 
the  origin,  two  zeros  at  the  same  frequency  followed  by  two 
poles  at  the  same  frequency.[l,2] 

B.  General  Block  Dia^'am 

As  illustrated  in  Figure  1,  there  are  three  main  blocks 
within  the  control  loop,  the  plant,  the  bank  drive  amplifier 
(BDA),  and  the  error  am  iier.  The  plant  is  a  combination 
of  transistor  pass  bank,  magnet  load  and  feedback 
transducer.  The  BDA  and  the  error  amplifier  can  be 
modified  to  achieve  the  desired  response.  In  addition,  each 
block  has  been  modeled  using  Spice  which  were  later 
compared  to  measured  data.  However,  only  limited  success 
has  been  achieved  with  the  plant  model. 

The  pass  bank  is  arranged  in  a  darlington  configuration 
(i.e.  1  transistor  driving  9  transistors  driving  95  transistors). 
This  system  was  modeled  using  Spice  and  circuit  analysis 
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techniques.  This  system  consists  primarily  of  a  single  pole 
caused  by  the  .'aductive  load.  A  hybrid  pi  model  was  used 
to  model  the  transistor  bank.  The  driver  transistors  and  the 
bank  tran^tors  can  be  modeled  to  a  composite  transistor 
representing  the  entire  pass  bank[3].  The  feedback 
transducer  m  the  first  case  is  a  water  cooled  shunt  and  in 
the  second  case  is  transductor. 

The  BDA  feeds  the  plant  and  consists  of  a  common 
emitter  amplifier  driving  a  common  collector  amplifier 
which  m  turn  drives  the  plant.  A  ’thumbnail’  derivation 
proved  to  be  quite  accurate  and  was  later  verified  by  Spice, 
This  system  is  characterized  by  a  constant  gain  and  a  zero 
followed  by  a  pole.  This  provides  phase  boost  and  gain  to 
the  feedfoward  loop.  The  results  were  later  used  to  adjust 
the  frequency  response. 

The  cnor  amplifier  is  a  chopper  stabilized  inverting 
operational  amplifier  whose  feedback  network  is  chosen  via 
K  factor  analysis  to  the  desired  loop  crossover  frequency 
and  phase  margin. 

C  First  Case  Study 

This  power  supply  furnishes  current  to  coils  in  several 
quadrapole  magnets  and  was  specified  to  be  ramped. 
However  due  to  transformer  coupling  of  loads  with  other 
supplies  the  output  capacitors  had  to  be  removed.  This 
upset  the  system  dramatically  and  resulted  in  a  200  amp 
oscillator.  The  frequency  response  vnthout  the  output 
capacitor  is  shovm  in  figures  2  and  3. 

To  stabilize  the  supply  a  large  capacitor  was  inserted 
across  the  error  amplifier,  this  enabled  the  frequency 
response  of  the  different  system  blocks  to  be  measured. 
The  ability  to  view  an  accurate  frequency  response  of  a 
system  greatly  enhances  an  engineers  ability  to  effectively 
design  a  compensator.  Without  measured  data  the  system 
characteristics  can  only  be  modeled  by  analysis  which  is 
cumbersome,  time  consuming,  and  does  not  accurately 
account  for  parasitic  and  variable  parameter  effects.  Data 
over  several  decades  takes  only  a  matter  minutes  and  is 
accurate  when  proper  measurement  techniques  are 
observed. 

To  compensate  the  loop  at  a  suitable  crossover 
frequency  the  VFRAS  was  used  to  design  an  error 
amplifier.  However,  the  desired  response  could  not  be 
achieved.  This  was  due  to  a  desired  phase  boost  of  the 
error  amplifier  to  be  greater  than  90°.  When  a  phase 
boo.st  greater  than  90°  is  desired,  the  VFRAS  creates  an 
error  amplifier  with  a  pole  at  the  origin  and  two  zeros 
located  at  the  same  frequency  followed  by  two  poles.  The 
slope  of  the  error  amplifier  is  + 1  at  crossover  (the  zeros 
create  a  slope  of  + 1  and  the  phase  boost).  If  the  loop  has 
a  slope  of  only  -1  at  the  desired  crossover  frequency,  the 
loop  will  not  crossover  until  after  the  crossover  frequency 
and  when  the  phase  boost  has  dimi'jished.  Therefore,  the 
option  of  using  phase  boost  greater  than  90°  :s  limited  to 
modulators  with  a  slope  of  -2  at  the  crossover  frequency, 
which  in  turn  will  provide  the  loop  with  a  crossover  slope 
of  *1. 


dtivt  amplifier  at  different  operating  points. 


Fiturt  3  •  Phase  plot  of  the  plant  plus  the  modified  bank  drive 
amplifia  at  different  operating  points. 


To  overcome  the  above  setback,  the  characteristics  of 
the  BDA  amplifier  were  capitalized.  According  to  the 
equation  for  the  BDA  the  pole  and  zero  can  be  modified  by 
changing  a  few  feedback  components.  By  using  an  ’R-C  bo:^ 
and  the  circuit  derivation  we  were  able  to  predict  and 
monitor  the  response  while  modifications  were  ^ing  made. 
Our  objective  was  to  create  enough  phase  boost  at  a 
particular  band  of  frequencies  to  allow  the  use  of  an  error 
amplifier  which  needed  a  phase  boost  less  than  90*^.  This  was 
accomplished  and  the  resulting  loop  plot  is  shown  in  Figures 
4  and  5. 

The  crossover  frequency  of  the  loop  is  a  function  of  the 
current  and  Therefore,  a  family  of  plots  are  taken  for 
the  plant  at  different  operating  conditions  and  a  median 
value  is  chosen  for  crossover  taking  care  that  the  phase 
margin  does  not  become  too  small  at  high  frequencies. 

Given  all  system  parameters  such  as  load  inductance, 
transistor  parameters,  etc.  generally  speaking  the  above, 
might  have  been  accomplished.  However,  the  power  supply 
in  this  case  drives  a  fraction  of  the  coils  per  magnet  to  which 
it  is  connected.  Also  connected  to  these  same  magnets  are 
other  power  supplies  which  in  turn  are  connected  to  other 
magnets.  It  was  the  transformer  coupling  effect  from  this 
arrangement  that  prompted  the  removal  of  the  output 
capacitors  from  the  power  supplies. 
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Ftgurt  4  •  Loop  magnitude  plot  at  diffennt  operating  points. 


Fi|urt  5  •  Loop  phase  plot  at  different  {titrating  points. 

Measured  data  attributes  two  poles  to  the  plant.  However, 
when  the  coupling  effect  of  the  other  magnet  coils  are 
ignored,  circuit  analysis  suggests  only  one  pole.  Indeed,  it 
would  have  rather  difllcult  to  model  the  effect  of  the 
transformer  coupled  loads.  Without  the  measured  data  the 
above  results  probably  would  not  have  been  possible, 
namely  due  to  the  nature  of  the  load. 

Birthermore,  the  variable  dynamic  response 
characteristics  due  to  var^g  operating  conditions  is 
involved.  The  transistor  gain,  as  well  as  other  transistor 
characteristics  vary  at  different  operating  points  (in  this 
case  over  five  transistor  stages).  In  addition,  this  sunn  y  has 
no  preregulator  thus,  the  changes  a'-  ...  ■:  of 

operating  current,  which  in  turn  compounds  the  vr^iation 
in  transistor  gain.  All  theses  characteristics  change  as  the 
temperature  of  the  system  varies. 

D.  Second  Case  Study 

This  study  involves  a  the  main  Cooler  Ring  dipole 
magnet  power  supply.  The  load  consisted  of  twelve  dipole 
magnets  whose  combined  inductances  160mH  paralleled  by 
a  series  network  of  3  ohms  and  20  millifarads.  Due  to 
ringing,  the  output  capacitors  were  modified  to  a  damping 
network.  The  added  3  ohm  resister  to  the  original  20 
millifarad  output  capacitor  (to  damp  the  load)  modification 
resulted  m  a  marginally  stable  loop. 

This  supply  has  a  significantly  different  current 


capability  compared  to  the  first  case  study.  The  darlington 
configuration  in  this  case  has  one  transistor  driving  10 
transistors  driving  66  transistors  driving  676  transistors.  In 
addition,  the  transistors  used  m  the  first  case  were 
Westinghouse  16408,  and  this  supply  uses  Westinghouse 
D60T  transistors. 

The  approach  to  achieving  a  desirable  response  was 
similar  to  case  study  one.  Initially  there  were  several 
unsuccessful  attempts  at  crossing  over  the  loop  at  a 
particular  frequency.  However,  by  modifying  the  BDA  and 
then  modifying  the  error  amplifier  a  desirable  frequency 
response  was  realized. 

E.  Pitfalls 

Erroneous  measurements  can  occur  for  several  reasons. 
When  using  closed-loop  measurement  techniques  circuit 
impedances  should  be  considered[4,5].  For  our  application 
we  found,  when  making  measurements  at  relatively  high 
frequencies  (i.e.  >  -fSkHz),  the  excitation  signal  should  be 
injected  prior  to  the  error  amplifier.  For  measurements  of 
relatively  low  frequencies  the  signal  should  be  injected  after 
the  operational  amplifier.  However  these  are  relative  to 
specific  operating  sy^ems.  Ground  loops  should  be  avoided 
by  supplying  power  to  the  measurement  device  (VFRAS)  via 
an  isolation  transformer;  and  injection  transformers  should 
also  be  used  to  isolate  the  exdtation  signal.  In  addition  loads 
shorted  to  ground  may  result  m  erroneous  measurements. 

III.  Conclusions 

Specialized  laboratory  grade  power  supplies  can  be 
modified  to  meet  specific  needs  of  a  user.  Frequency 
response  measurement  device  is  an  invaluable  tool  for 
control  loop  system  design.  In  addition  the  VFRAS  was  able 
to  measure  the  transfer  functions  of  subsystems  (i.e. 
amplifier  or  plant).  The  user  also  has  the  capabWty  to  verify 
and  compare  theoretical  designs  to  practical  measured  data. 
This  approach  of  measuring  a  system  response  ^ves  practical 
and  useful  concrete  information  in  a  matter  of  minutes. 
Furthermore,  the  package  provides  in  most  cases  a  simple 
solution  to  control  loop  stability  problems. 
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Abstract 

The  first  step  for  injecting  protons  into  the  LAMPF 
Proton  Storage  Ring  ffSR)  at  LANL  is  to  strip  a  beam  of 
800-MeV  H'  ions  to  H®  with  a  1.8-T  dipole  magnet  Because 
of  the  finite  lifetime  of  energetic  H*  ions  in  the  magnetic  field, 
their  trajectories  bend  before  stripping  causing  the  angular 
spread  of  the  beam,  and  therefore  its  cmitiancc,  to  grow  during 
the  stripping  process.  In  the  case  of  the  PSR,  the  horizontal 
beam  cmittance  grows  by  a  factor  of  roughly  three  during 
injection.  As  a  consequence,  beam  losses  in  the  ring  arc 
significantly  greater  than  they  would  be  if  there  were  not 
cmittance  growth.  A  speculative  technique  is  proposed  in 
which  the  beam  divergence  growth  and  resulting  cmittance 
growth  is  reduced  by  stripping  the  H'  in  a  wiggler  magnet 
whose  transverse  field  alternates  in  direction  as  a  function  of 
position  along  the  beam  axis.  The  wiggler  field  configuration 
is  adjusted  so  that  the  angular  beam  spread  introduced  during 
passage  through  one  unidirectional-field  increment  of  path  is 
relatively  small  and  so  that  99.99%  of  the  beam  is  suipped 
after  passing  through  the  whole  magnet.  With  careful  field 
design  the  net  added  angular  beam  spread  is  reduced  because  the 
incremental  angular  spreads  are  painted  back  and  forth  over  the 
same  small  range.  In  the  hypothetical  case  described,  the 
calculated  emittance  growth  and  beam  loss  increase  arc 
significantly  smaller  than  those  calculated  for  a  conventional 
stripper  magnet. 

I.  INTRODUCTION 

The  PSR,  shown  in  Figure  1,  is  filled  with  protons  in  a 
two-stage  process.  First  800-MeV  H’  ions  in  the  injection 
line  are  stripped  to  H®  with  a  1.8-Tesla  dipole  stripper 
magnet;  the  iP  arc  then  stripped  to  !!■*■  by  passing  through  a 
200-pg/cm^  carbon  foil  in  the  ring  itself.  After  the  ring  is 
filled,  the  stored  protons  arc  extracted  and  transported  to  the 
neutron  production  target  at  the  Los  Alamos  Neutron 
Scattering  Center  G-ANSCE). 

The  H'  stripping  process  has  an  unwanted  side  effect  in  that  it 
leads  indirectly  to  unwanted  losses  of  beam  circulating  in  the 
PSR;  the  beam  is  lost  through  collisions  of  protons  in  the 
tails  of  the  stored  beam  with  limiting  apertures  in  the  ring. 
The  resulting  activation  of  ring  components  makes  ring 
maintenance  more  difficult.  How  does  the  H  stripping 
process  lead  to  this  problem?  H  stripping  in  a  magnetic  field 
is  a  probabilistic  process  described  by  a  field-dependent  ion 
lifetime;  therefore,  ions  travel  a  finite  distance  before  being 
stripped.  Because  the  shipper  magnet  field  is  vertically 
pointing,  the  trajectory  of  an  H  will  be  deflected  through 
some  angle  in  the  horizontal  plane  before  being  stripped. 
Since  the  stripping  per  unit  path  length  is  probabilistic,  the 
angles  through  which  a  collection  of  H  ions  are  deflected 
before  being  su-ipped  will  cover  a  range.  Figure  2  illustrates 


this.  This  additional  angular  spread  added  to  the  inherent 
divergence  of  the  incoming  H'  beam  causes  the  horizontal- 
plane  emittance  of  the  beam  to  be  larger  than  that  of  the 


original  H'  beam.  If  this  cmittance  growth  were  reduced,  the 
stored-beam  size,  which  increases  as  the  cmitiancc  of  the 
injected  increases,  would  be  made  smaller,  and  beam  losses, 
which  increase  witii  beam  size,  would  be  reduced. 


Figure  2.  Illusuation  of  Angular  Spread  Resulting  from 
Spread  of  H'  Lifetimes  in  Magnetic  Field  Region. 

In  the  next  section,  a  speculative  scheme  is  proposed  to 
reduce  the  emittance  growth  during  H'  shipping  by  the  use  of 
a  magnet  whose  field  transverse  to  the  beam  direction 
alternates  in  direction  as  a  function  of  distance  along  the  beam. 
This  type  of  magnet  is  commonly  referred  to  as  a  wiggler 
magnet  in  synchrotron-light-source  or  free-electron-laser 
systems.  In  section  III,  theory  relevant  to  H  stripping  and 
cmittance  growth  is  discussed,  while  section  IV  contains 
results  of  divergence  growth  calculations  based  on  the 
theoretical  formulas.  Calculated  PSR  beam  losses  derived 
from  results  of  the  divergence  giowth  estimates  arc  discussed 
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in  section  V.  In  the  last  section  practical  considerations 
regarding  wiggler  magnet  construction  arc  mentioned  briefly. 

II.  REDUCTION  OF  BEAM  DIVERGENCE  GROWTH 
WITH  A  WIGGLER-MAGNET  STRIPPER 

In  the  present  PSR  stripper  magnet  the  incoming  H*  ions 
see  a  field  that  rises  rapidly  from  zero  to  1.8  Tesla.  Special 
effort  was  made  to  design  the  magnet  so  that  this  rate  of  rise 
was  as  large  as  possible  [1]  since,  for  this  case  in  which  all  the 
beam  is  stripped  to  Hq  in  the  fringe  field  region,  the  faster  the 
field  rises  the  smaller  is  the  divergence  added  to  the  beam 
because  of  H*  trajectory  deflection  before  the  ion  is  stripped. 

The  proposal  that  divergence  growth  could  be  reduced  by 
stripping  with  a  wiggler  magnet  hinges  on  the  idea  that, 
instead  of  stripping  all  the  beam  as  rapidly  as  possible,  as  is 
done  with  the  present  PSR  stripper  magnet,  stripping  could  be 
spread  out  over  a  cascaded  series  of  relatively  weak  field 
segments,  in  any  one  of  which  only  a  fraction  of  the  beam 
would  be  stripped,  and  for  any  one  of  which  a  relatively  small 
range  of  divergence  angles  would  be  introduced.  If  the  fields  in 
successive  segments  alternate  in  direction,  the  divergence 
angles  caused  by  successive  segments  would  paint  back  and 
forth  over  the  same  small  range  so  that  the  net  divergence 
added  to  the  completely  stripped  beam  would  be  relatively 
small.  This  is  shown  schematically  in  Figure  3. 

Field 

Segment 


Figure  3.  Illustration  of  the  Range  of  Deflection  Angles 
Contributed  by  Each  of  Four  Field  Segments  in  a  Wigglcr- 
Magnet  H'  Stripper  (The  contributions  from  all  segments 
overlap  the  same  range  of  angles). 


From  this  figure  it  is  evident  that  here  would  be  an  increase 
in  transverse  beam  size  and  a  resulting  emittance  increase. 
However,  in  the  case  of  stripping  of  the  H'  beam  for  injection 
into  the  PSR,  this  effect  is  small  compared  to  the  effect  of 
divergence  growth. 

111.  THEORY 

A.  //■  Lifetime  and  Stripping  Rale 

If  t(z)  is  the  H'  ion  rest-frame  lifetime  for  stripping  to 
in  a  field  of  B(z)  Tesla,  where  z  is  the  H'  position  along  the 
beam  direction,  then  the  fraction  of  the  original  number  of 
number  of  ions  stripped  per  unit  path  length  uavclled  can  be 
expressed  [1]  as 


(1) 

dz  Pyc':(z) 

where  p  and  y,  the  relativistic  P  and  y,  are  0.841  and  1.848 
respectively  for  800-MeV  H'  ions,  and  c  is  the  speed  of  light. 
The  rest-frame  lifetime  has  been  expressed  by  Scherk  [2]  as 


t(z)=  exp  sec  (2) 

E(z)J  LE(z)J 

where  Ai  =  2.47x10'^  V-s/m,  A2  =  4.49x10^  V/m,  and  E(z), 
the  ion  rest-frame  transverse  electric  field,  is  given  by 

E(z)  =  pYcB(z)V/m  (3)- 

B.  Angular  Divergence  Added  by  //'  Stripping 

For  a  vertically  pointing  field,  the  net  horizontal-plane 
angular  deflection  of  an  H*  trajectory  after  it  has  travelled  from 
z=0  outside  the  field  region  to  a  point  z  inside  the  field  can  be 
written  as 


where  4.866  is  the  beam  stiffness  (in  Tesla-m)  of  800-McV 
H'  ions,  and  B  is  in  Tesla. 

The  quantity  of  interest  at  this  point  is  the  distribution,  at 
z,  of  deflection  angles  for  the  ensemble  of  H®s  arising  from 
those  H'  ions  that  have  been  stripped .  If  Nq  is  defined  as  the 
number  of  H'  ions  entering  the  stripper  magnet  field,  then  the 
deflection  disuibution  can  be  expres^  as 

dIi  =  .NoJitx^  =  -No^x-l- 

dO  dz  d0  dz  jl£  (5) 

dz 

where  is  given  by  equation  (1),  and  ^  is  obtained  by 
dz  dz 

differentiating  in  equation  (4).  For  the  PSR  snipper  magnet 
all  the  beam  is  sU'ippcd  in  the  rapidly  rising  field  at  the 
entrance  to  the  magnet  gap.  The  disuibution  of  deflection 
angles,  N(0),  is  gaussian-like  and  can  be  characterized  by  an 
rms  width,  0nns- 

B.  Beam  Emiiiance  Growth 

The  emittance,  e,  of  the  H’  beam  at  the  cnuance  to  the 

stripper  magnet  can  be  expressed  as  Cm  =  Jt  V dot  Om  [3]  with 
the  sigma  matrix  being  defined  as 

0^4''“  (6). 

021  022 

and  Va22  arc  the  rms  spatial  and  angular  w  idihs  in  the 
horizontal  plane,  and  the  off-diagonal  elements  021  =021 
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describe  the  orientation  of  the  beam  ellipse  in  x-6  phase  space. 

If  the  nns  angular  spread  of  the  deflection  angles  caused  by 
the  stripper  magnet  field  is  written  as  6rms>  il^en  the  only 
change  in  the  sigma  matrix  for  the  beam  exiting  the 
magnet  is  in  the  022  element.  The  new  element,  CT22,  is 

022  =  022  +  Qms  (7). 

For  a  typical  PSR  injection  line  tune,  this  increase  in  022 
results  in  an  emittance  growth  of  approximately  a  factor  of 
three. 

IV.  CALCULATED  DIVERGENCE  GROWTH 

A.  Present  PSR  Stripper  Magnet 

By  substituting  known  or  hypothesized  magnetic  field 
distributions  into  the  appropriate  expressions  in  section  111, 
one  can  then  use  equation  (S)  to  calculate  the  distribution  of 
deflection  angles  of  H^'s  exiting  from  a  stripper  magnet. 
Such  simulations  have  been  done  for  configurations  similar  to 
the  PSR  stripper  magnet  and  the  results  agree  well  with 
measurements  [1],  For  the  present  PSR  stripper  magnet  the 
predicted  rms  spread  introduced  into  the  beam  is  0.37  mrad. 

B.  Proposed  Wiggler^Magnet  Stripper 

In  order  to  illustrate  the  validity  of  the  wiggler-magnet  stripper 
concept,  angular  divergence  calculations  were  done  for  a 
hypothetical  magnet  whose  field  direction  alternates  through 
ten  cycles  of  a  sine- wave  function  with  cycle  length  of  1.5  cm, 
and  whose  maximum  field  strength  is  1.26  T.  With  this 
choice  of  cycle  length  and  maximum  field  strength,  integration 
of  equation  (1)  over  the  full  magnet  length  (twenty  half  cycles) 
shows  that  99.99%  of  the  incoming  H'  will  be  stripped.  This 
high  stripping  efficiency  is  essential  because  any  unstripped  H* 
beam  is  lost  in  such  a  way  that  it  contributes  to  the  very  beam 
losses  that  the  use  of  a  wiggler-magnet  stripper  is  meant  to 
reduce. 

The  angular  spread  introduced  into  the  beam  by  a  single 
half-cycle  of  the  magnet  described  above  is  described  by 
equation  (5),  and  is  calculated  to  have  an  rms  width  of  only 
0.18  mrad.  As  was  pointed  out  earlier,  since  the  angular 
spread  from  alternate  segments  of  the  magnet  paint  back  and 
forth  across  each  other,  the  rms  spread  for  one  segment  applies 
to  the  total  stripped  beam  at  the  end  of  the  magnet.  The 
calculated  rms  spread  of  0.18  mrad  is  a  roughly  50%  reduction 
below  the  0.37  mrad  rms  spread  calculated  for  the  present  PSR 
stripper. 

V.  BEAM-LOSS  CALCULATIONS 

If  the  suipper-added  beam  divergence  and  the  resulting 
emittance  growth  were  reduced  by  use  of  the  wiggler-magnet 
stripper  described  above,  how  much  would  ring  beam  losses  be 
reduced?  To  answer  this  question,  a  Monte  Carlo  program  was 
written  to  simulate  beam  losses  on  the  limiting  apertures  in 
the  PSR.  One  input  to  the  program  is  the  emittance  of  the 
injected  beam,  i.e.,  the  emittance  of  the  beam  as  it  exits 


the  stripper  magnet.  Calculations  of  beam  loss  rates  for  the 
PSR  using  the  present  stripper  magnet  are  within  about  20% 
of  the  measured  values.  This  result  indicates  that  the  Monte 
Carlo  program  model  used  is  reasonably  accurate.  The 
calculated  loss  rate  with  wiggler-magnet  stripping  is  only  45% 
of  the  rate  calculated  for  the  present  stripper  magnet.  This  is  a 
significant  reduction;  it  indicates  that,  in  the  absence  of  other 
limiting  factors,  the  circulating  beam  current  in  the  PSR  could 
be  doubled  without  increasing  losses  above  those  now 
observed. 

VI.  LIMITATIONS  OF  MAGNET  TECHNOLOGY 

Until  now  nothing  has  been  said  about  the  possibility  of 
building  a  wiggler  magnet  that  would  meet  the  specifications 
of  cycle  length  and  field  strength  needed  in  order  for  it  to 
function  as  an  effective  suipper  magnet.  A  brief  review  of 
current  wiggler  magnet  technology  was  done,  and  the 
conclusion  reached  was  that,  with  present  state-of-the-art 
technology,  it  is  probably  not  feasible  to  build  a  magnet  with 
specifications  that  match  those  of  the  hypothetical  magnet 
described  in  section  IV.  But,  verification  of  this  conclusion 
would  require  a  systematic  study  of  a  range  of  designs 
involving  consideration  of  stripping  efficiency  and  divergence 
growth  for  different  numbers  of  field  cycles,  different  cycle 
lengths,  and  different  maximum  field  strengths. 

Permanent  magnet  wigglcrs  are  limited  to  relatively  low 
field  strengths  (typically  less  than  a  kilogauss)  with  a  resulting 
tow  H'  stripping  efficiency,  and  arc  also  subject  to  radiation 
damage  in  the  high-energy  proton  and  neutron  environment 
near  the  PSR  stripper  location.  A  difficulty  with  electromagnet 
construeiion  is  in  attaining  the  relatively  high  maximum  field 
values  needed  while  at  the  same  time  spacing  the  individual 
magnet  segments  closely  enough  together  to  make  cycle 
lengths  near  one  or  two  centimeters. 

In  spite  of  these  limitations  on  field  strength  and  cycle 
length,  specifications  attainable  with  present  technology  seem 
close  enough  to  encourage  further  study. 
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Abstract 

The  AGS  requites  a  new  fast  extraction  beam  (NewFEB) 
system  for  the  muon  g>2  experiment  and  the  Relativistic 
Heavy  Ion  Collider  (RHIC).  The  proposed  NewFEB  sys¬ 
tem  will  consist  of  a  new  fast  multi-pulsing  kicker  placed 
at  straight  section  GIO  and  an  qjector  septum  magnet  at 
H 10, together  with  local  orbit  bumps  generated  by  power¬ 
ing  backleg  windings  on  the  AGS  main  magnets.  The  new 
system  is  capable  of  performing  single  bunch  multiple  ex¬ 
traction  as  often  as  every  8  ms  up  to  12  times  per  AGS 
cycle,  in  addition  to  the  standard  single  turn  fast  extrac¬ 
tion.  The  conceptual  design  of  the  NewFEB  sysytem  will 
be  ducussed. 

1.  Introduction 

Since  the  present  fast  extraction  beam  (FEB)  and  single 
bunch  extraction  (SBE)  systems[l]  are  no  longer  available 
for  the  post-Booster  eta,  the  NewFEB  system  will  serve 
as  the  AGS  extraction  system  not  just  for  the  muon  g-2 
expetiment[2]  but  also  for  RHIC[3]  and  any  future  neutrino 
physics  program.  The  AGS  Booster,  nearly  completed, 
should  soon  be  able  to  increase  the  proton  intensity  in  the 
AGS  by  a  factor  4  and  to  allow  the  AGS  to  accelerate 
heavy  ions  (HI)  beyond  5»®®  up  to 

For  the  g-2  experiment,  which  is  now  constructing  a 
14  m  diameter  superferric  muon  storage  ring  (m-SR)  with 
B=:1.5  T  in  order  to  improve  the  previous  measurement  of 
the  anomalous  magnetic  moment  (a^)  by  a  factor  of  20, 
NewFEB  must  meet  the  following  requirements:  (1)  ex¬ 
tract  proton  bunch  beam  up  to  full  energy  and  intensity 
to  the  new  V-target  through  the  existing  U-line  for  3.1 
GeV/c  pion  production,  (2)  perform  single  bunch  multiple 
extraction  (SBME)  at  8  ms  intervals  up  to  12  times  per 
AGS  cycle.  The  remaining  bunches,  if  any,  have  to  be  de- 
bunched  and  go  though  the  slow  extraction  beam  (SEB) 
channel. 

With  the  NewFEB  system  the  AGS  will  also  serve  as  an 
iqjector  for  the  RHIC,  which  is  now  under  construction. 
The  circumference  of  the  RHIC  ring  is  19/4  times  larger 
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than  the  AGS  and  its  harmonic  number  at  irgection  is  342 
compared  to  12  of  the  AGS.  The  present  RHIC  design 
assumes  that  the  AGS  can  accelerate  a  variable  number  of 
bunches  per  pulse  and  the  FEB/SBE  system  can  be  used 
as  the  extraction  system  for  RHIC  injection.  The  exact 
AGS  operation  mode  for  RHIC  ii\jection  has  not  yet  been 
fixed:  (1)  one  may  transfer  all  bunches  (e.g.,  12/11  for 
protons,  3  for  HI)  to  RHIC  in  a  single  turn  (FEB,  box-car 
stacking),  or  (2)  one  may  transfer  individual  bunches  one 
by  one  into  the  waiting  rRuckets  in  RHIC  (SBME).  RHIC 
two  rings  will  be  filled  with  57  bunches  one  after  another 
in  two  minutes  every  10  hours. 

The  schematic  layout  of  the  AGS-RHIC  complex  is 
shown  in  figure  1. 


Fig.  1.  Schematic  layout  of  the  AGS-RHIC  complex. 

II.  Design  of  the  NewFEB 

A.  Macfhine  and  Beam  Parameters 

For  design  purposes,  we  may  assume  that  (1)  p=29  GeV/c, 
(2)  the  95%  normalized  emittance  of  the  high  intensity 
beam  is  ^^(95)  =  cj  =  SOw  mm-mrad,  (3)  the  maximum 
momentum  spread  allowed  is  dp/p  =  ±2  x  10”®.  The  cur¬ 
rent  AGS  machine  parameters  are  summarized  as  follows: 
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Table  1.  AGS  Paiam:  ic 


Circumference 

C=2irR=807.075 

[m] 

Curvature 

p=85.17 

(m) 

Revolution  Time 

tree=2.692 

H 

Tune 

Qh=Qv=^  8-7 

Beta  Functions 

^ma*,(mm)_22,5  (jg  5) 

(m] 

Dispersion  Function 

Dj*«*=2.20 

[m] 

No.  of  Bunches 

176=12,(3  for  HI) 

Full  Bunch  Length 

i6=35±5 

(ns) 

Gap  bet.  Bunches 

t,=224(peak-to-peak) 

[ns] 

Typical  IntenrHy 

1.6-10>3 

(PPP) 

3.0-10* 

[S*/p] 

Typical  AGS  Cycle 

2.0(FEB),3.4(SEB) 

W 

Typical  Energy 

24.5,28.5(p) 

[GeV] 

14.5(0,5*) 

(GeV/N) 

Emittance 

cX.,=35» 

[pm-rad] 

Momentum  Spread 

dp/p=0.12 

{%] 

For  RHIC  iivjection,  the  expected  values  of  e",  dpjp  and 
4  for  both  protons  and  HI  are  substantially  lower  than  the 
current  values  since  the  Booster  can  deliver  more  intensity 
than  that  assumed  for  the  RHIC  design  parametets(3].  At 
lO'foot  striught  section  (GIO.HIO),  and  0,  are  rapidly 
changing  as  well  as  Dt  while  at  S-foot  s.s.  0h  -  0maxx 
0,  S  /3«j„  and  D,  Si  An«: 

location _ /?»  (m) _ 0,  (m) _ JJ,  (m) 

10-ft  S.S.  19.9  to  12.0  12.0  to  19.9  2.09  to  1.63 

5-fts.s.  22.1  10.5  2.17 

Figure  2  shows  the  wall  monitor  display  of  the  bunch  strue> 
ture  in  the  AOS  after  the  third  bunch  is  extracted  for  the 
SBE  operation. 


t 
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Fig.  2.  Display  of  the  bunch  structure  in  the  AGS 

B.  Fast  Kicker 

The  full  horieontal  beam  width,  is  usually  defined  by 
tu/  =  2y/£n0h/if  +  (Dzdp/py,  assuming  that  the  dp/p 
distribution  is  symmetric,  and  the  transverse  and  longitu¬ 
dinal  emittances  are  uncorrelated,  where  e/,  =  ej  •  {m/p). 


Hence,  at  p=29  GeV /c,  using  the  99%  emittance  we  have 
m»/(H10)=16.4  mm.  Assuming  that  we  need  2  mm  sepa¬ 
ration  at  both  sides  of  the  septum  of  the  ejctor  magnet 
(SMHIO),  and  ~  10  mm  septum  thickness,  then  the  re¬ 
quired  separation  of  the  circulating  beam  and  the  beam 
kicked  by  the  fast  kicker  at  GIO  (FKGIO)  is  6a:=30.4  mm. 
The  FKGIO  must  deflect  the  beam  by 

i9(G10)  =  6x{H  10) /y/0h(GlO)0i,{H  10)  s\n{6fi) 

=-2.00  mra  where  6p  is  the  betatron  phase  advance  from 
FKGIO  to  SMHIO,  and  which  corresponds  to  J Bdl  =  Bo' 
Icfj  =  —0.19  T-m. 

We  consider  a  C-typft  ferrite  magnet  with  a  limited  aper¬ 
ture,  w(idth)=38.5  mm  and  g(ap)=17  mm,  to  minimise  the 
required  voltage  on  pulsing  the  FKGIO.  Choosing  lr.j j~2,0 
m,  we  And  the  magnetic  field  is  Ho=0.95  T,  the  magnet 
current,  I  =  Bo  -  9/pu=1.29  kA  and  the  corresponding 
total  magnet  inductance,  L,„og  =  Po  •  lejj/g=h.09  pH, 

In  order  to  achieve  clean  bunch-to-bunch  extraction,  the 
kicker  fall  time  must  be  as  rapid  as  the  rise  time.  The 
total  duration  is  To=lrur+<//i»«+ly»H=160-f40-f  180=380 
ns  and  the  pulse  waveform  is  essentially  half  sine.  The 
recharge  time  must  be  a  few  ms.  The  minimum  pulse 
voltage  to  perform  the  full  field  in  tr,-„.=160  ns  is 
V=^L„,,fdl/dt=B„  ’lejj  •  w/<rMc=46  kV.  Since  we  have 
to  add  the  additional  stray  inductance  and  it  is  also  desir¬ 
able  to  keep  V  <~  30  kV,  the  magnet  will  be  subdivided 
into  several  shorter  modules  and  powered  in  parallel.  If 
the  pulser  is  to  be  mounted  outside  the  ring  due  to  the 
high  radiation  environment,  it  will  have  to  be  a  matched 
pulse  forming  network  (PFN).  The  magnet  is  loaded  with 
capacitance  so  it  behaves  like  a  transmission  line  of  the 
correct  impedance.  The  PFN  storage  voltage  will  be  twice 
the  maximum  pulsing  voltage  and  it  has  to  be  oil  insulated. 

C.  Ejector  Magnet 

A  new  out-of- vacuum  ejector  septum  magnet  (SMHIO)  has 
been  built  for  standard  FEB  operation  and  its  magnetic 
properties  have  been  intensively  analyzed.  However,  for 
NewFEB  operation  the  qjector  magnet  has  to  stay  a  DC 
mode  over  100  ms,  the  septum  thickness  must  be  increased 
from  the  current  value  of  2.3  mm  to  10  mm.  If  the  mag¬ 
net  is  water-cooled,  ~  5  mm  thickness  might  be  suflicient. 

D.  Orbit  Bump 

Local  orbit  deformations  are  needed  to  move  the  circu¬ 
lating  beam  into  the  aperture  of  the  fast  kicker  and  also 
to  bring  the  beam  adjacent  to  the  septum  of  the  ejector. 
These  bumps  ate  generated  by  powering  backleg  wind¬ 
ings  on  selected  AGS  main  magnets  so  arranged  that  the 
tune  shifts  and  stopbands  at  (?/,=8.5  ate  minimized.  We 
first  consider  two  standard  3/2  A  horizontal  bumps,  one 
(BLWGIO)  for  FKGIO  and  another  (BLWHIO)  for  SMHIO. 
With  this  configuration,  a  tracking  study  shows  that  the 
available  space  for  the  kicked  beam  is  rather  marginal 
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around  G17.  So  we  make  modifications  to  create  a  hybrid 
(  2A)  bump  (BLWGH),  eliminating  some  backleg  windings 
and  doubling  kicks  at  some. 

In  figure  3  ,  we  show  a  schematic  layout  of  the  NewFEB 
extraction  components  (BLWGH,  FKGIO,  SMHIO)  and 
the  particle  trajectories  with  and  without  FKGlO  and 
SMHIO  on. 


Fig.  3.  Schematic  layout  of  the  NewFEB  components. 


II.  Simulation 

To  find  out  the  extracted  beam  parameters  at  the  middle 
of  straight  section  H13,  t.e.,  the  entrance  of  the  U*line, 
a  simulation  was  performed  with  a  simple  model  of  the 
AGS,  using  the  accelerator  modeling  program  MAD  which 
includes  quadrupolar  and  sextupolar  components  of  the 
main  combined  function  magnets  and  the  NewFEB  ex¬ 
traction  components.  First,  we  run  MAD  to  obtain  the 
desire  orbit  at  FKGIO  and  at  SMHIO,  making  fine  adjust¬ 
ments  of  BLWGH.  Then,  the  particle  with  initial  condi¬ 
tions  (z,z')  at  the  beginning  of  s.s.GlO  is  traced  through 
the  lattice  and  receives  an  appropriate  kick  (1.6  mrad)  at 
FKGIO  and  an  additional  kick  (20  mard)  at  SMHIO  up 
to  the  middle  ofs.s.H13,  where  the  beam  should  be  about 
43  cm  away  from  the  central  orbit,  free  from  the  fring¬ 
ing  field  of  the  ring  magnets.  The  simulation  results  on 
the  extracted  beam  parameters  at  s.s.H13  are  summarized 
as  follows: 

X  =  43.8  cm  z'=63.8  mrad 

ax=-5.75  /3/,=46.4  m  Qy=  0.83  j9,.=  3.6  m 

Dx=1.24  m  D;=0.19 


III.  Summary  and  Plan 

The  basic  conceptual  design  is  made  on  the  NewFEB  sys¬ 
tem  at  the  AGS,  which  is  capable  of  performing  SBME  for 
the  g-2  experiment  and  RHIC  iiyection.  It  is  expected  that 
detailed  engineering  design  work  will  start  soon  since  the 
/r-SR  and  RHIC  are  scheduled  to  be  completed  in  1994 
and  in  1997,  respectively.  Further  simulation  studies  of 
the  NewFEB  extraction  and  beam  transfer  from  the  AGS 
to  RHIC  (ATR)  will  be  needed  to  specify  tolerances  of  the 
NewFEB  system  components  as  well  as  the  overall  required 
AGS  capability  as  the  iiuector  for  RHIC. 
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Due  to  its  high  intensity  operation  for  the  g-2  ex¬ 
periment,  it  is  important  that  the  NewFEB  system  can 
achieve  a  high  extraction  efficiency  (>99%).  On  the  other 
hand,  for  RHIC  injection,  stability  and  reproducibility 
of  the  extracted  bunched  beam  parameters  are  crucial 
since  any  change  (pulse-to-pulse,  cycle-to-cycle)  of  the  ex¬ 
tracted  beam  parameters  will  directly  influence  RHIC  per¬ 
formance. 
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The  Frascati  0>Factory  Injection  System 
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INFN,  Laboratori  Nazionali  di  Frascati,  CP.  13, 00044  Frascati  (Roma),  Italy 


Abstract 

The  injection  system,  for  the  Frascati  <I>-factory  DAONE 
[1],  is  designed  to  store  positrons  and  electrons  in  the 
two  main  rings  in  an  overall  injection  time  at  startup  of  alO 
minutes.  The  system  will  consist  of  a  high  cunent  electron 
Linac  (£*250  MeV),  a  low  current  high  energy  electron- 
positron  section  (E>S10  MeV)  and  a  compact  damping  ring  in 
order,  to  avoid  injection  saturation,  to  increase  longitudinal  ac¬ 
ceptance  and  to  decouple  the  design  of  the  main  rings  from  in¬ 
jection  requirements.  The  two  Linac  sections  will  provide  aO.3 
nC  of  positrons  within  ±1%  energy  spread  in  10  ns  pulses  for 
injection  at  SO  Hz  into  a  single  76  MHz  bucket  of  the  damp¬ 
ing  ring.  Extraction  of  the  high  quality  damped  bunch  from  the 
accumulator  will  take  place  at  1  Hz,  filling  one  main  ring 
bucket  at  a  time.  The  Linac  design  foresees  3  m  long  2ff/3  TW 
constant  gradient  accelerating  sections  with  SLED  systems  in 
order  to  increase  the  energy  gain.  The  magnetic  structure  of  the 
damping  ring  is  designed  to  be  accommodated  in  a  12x12  m^ 
hall,  and  it  is  made  of  four  quasi-achromatic  bending  sections 
and  four  long  straights  to  accommodate  injection  and  extrac¬ 
tion  pulsed  elements  and  the  RF  system. 

I.  INTRODUCTION 

DA<t>NE,  the  Frascati  <b-factory  project,  is  a  high  lumi¬ 
nosity  (>l(p2  cm*2s'*)  storage  ring  running  at  a  centre  of 
mass  energy  of  1020  MeV.  To  achieve  such  a  high  luminos¬ 
ity,  a  large  number  of  electron  and  positron  bunches  (120)  cir¬ 
culate  in  two  separate  rings,  colliding  at  a  small  angle  in  the 
horizontal  plane.  The  total  number  of  particles  in  each  ring  ex¬ 
ceeds  10^^,  thus  setting  challenging  requirements  on  the  de¬ 
sign  of  the  positron  injection  system.  Since  the  operating  time 
structure  of  the  bunch  configuration  will  be  chosen  upon  the 
results  of  machine  commissioning,  single  bunch  injection  has 
been  recommended,  so  that  the  use  of  a  small  full  energy  stor¬ 
age  ring  which  serves  as  an  accumulator  between  a 
positron/electron  Linac  and  the  main  ring  seems  to  be  the  only 
possible  solution  to  store  the  whole  charge  in  the  required  in¬ 
jection  time  of  »10  minutes.  To  mantain  a  high  average  lumi¬ 
nosity,  topping-up  will  be  performed  when  the  stored  current 
drops  below  a  given  level,  so  that  full  injection  will  be  neces¬ 
sary  only  at  machine  start-up. 

Particles  accelerated  from  the  Linac  will  be  injected  at  50 
Hz  into  the  accumulator,  exuacteo  at  i  Hz  and  injected  into  the 
main  rings,  filling  one  bucket  at  a  time.  In  order  to  reach  the 
design  positron  current,  360  pulses  will  be  transferred  from  the 
accumulator  to  the  main  ring.  In  the  case  of  electrons,  due  to 
the  larger  current  from  the  Linac,  injection  rate  is  foreseen  to 
be  much  faster. 
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Table  1  shows  the  efficiencies  assumed  to  estimate  the  re¬ 
quired  cuiient  from  the  Linac  injection  section. 

Table  1 

Injection,  transport  and  extraction  efficiencies 


Transport  from  Linac  gun  to  converter  0.4 
Electron-positron  conversion  @  250  MeV  0.008 
Transport  from  converter  to  accumulator  0.9 

Injection  into  accumulator  0.5 

Extraction  from  the  accumulator  0.9 

Transport  and  injection  into  main  ring  0.8 


With  these  assumptions  the  positron  charge  per  pulse  de¬ 
livered  by  the  Linac  is  0.3  nC,  while  the  electron  charge  from 
the  gun  is  95  pC. 

II.  The  LINAC 

The  schematic  layout  of  the  DAd>NE  Linac  is  shown  in 
Fig.l.  The  main  Linac  components  are;  thermionic  gun,  pre- 
buncher  and  buncher  at  the  Linac  frequency  f  =  3GHz,  high 
current  TW  electron  Linac  with  output  energy  >  250  MeV, 
electron-positron  converter,  positron  capture  section,  low  cur¬ 
rent  e'e'*'  TW  Linac  with  energy  >  510  MeV,  magnetic  focus¬ 
ing  elements. 


Figure  1.  Layout  of  the  Linac. 
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The  gun,  dimensioned  for  the  maximum  positron  peak 
current,  will  be  used  for  both  operating  modes.  The  main  gun 
parameters  are  listed  in  Table  2. 

Table  2 

Main  gun  parameters 

Type  Pierce,  triode 

Qithode  radius  Rk  =  40  mm 

Cathode  diameter  Dk  =  (25+30)mm 

Anode  potential  Ua  =  100  kV 

Current  Ig  =  10  A 

Emittance(invariant)/r:  tn  =  IxlO"^  m-rad 

Macrobunch  length  tb  =  10  ns 

Repetition  rate  fr  =  50  Hz 

The  bunching  system  will  consist  of  a  TMOlO  single  cell 
cavity  prebuncher  and  a  10+20  MeV  buncher  with  few  graded 
P  cells.  The  buncher  length  will  be  about  1+1.5  m.  The  pur¬ 
pose  of  the  system  is  to  bunch  the  'continuous'  electron  cur¬ 
rent  emitted  by  the  gun  in  a  train  of  micropulses  which  corre¬ 
sponds  to  less  than  IS  degrees  of  the  period  of  the  Linac  ra¬ 
diofrequency,  and  to  accelerate  the  electrons  to  relativistic  ve¬ 
locities  before  injecting  them  into  the  constant  phase  velocity 
(vsc)  accelerating  structure  of  the  Linac. 

According  to  the  analysis  presented  in  [2]  we  propose  the 
use  of  2ic/3  travelling  wave  (TW)  constant  gradient  (CG)  ac¬ 
celerating  structures  together  with  a  SLED  type  pulse  com¬ 
pression  system.  The  advantages  of  such  a  structure  in  com¬ 
parison  v.iih  others,  i.e.  r/2  TW  or  2«/3  TW  constant 
impedance  (Cl),  are  described  in  (3].  In  our  case  their  best  fea¬ 
tures  are:  lower  sensitivity  to  frequency  deviations,  lower 
beam  loading  derivative  and  lower  sensitivity  to  beam  break¬ 
up  in  comparison  with  Cl  structures.  It  is  also  important  that 
such  structures  have  been  successfully  tested  in  large  size  ac¬ 
celerators  like  SLAC,  DESY  and  LEP. 

We  have  optimized  the  optimum  section  length,  the  field 
gradient  and  the  minimum  klystron  number  for  the  following 
parameters:  quality  factor  Q  s  15.000:  beam  pulse  duration 
tb-lOns;  klystron  output  power  Ps45  MW;  RF  pulse  duration 
tks4.5  ps;  storage  cavity  (for  pulse  compression)  quality  fac¬ 
tor  Qc=10^:  effective  electron  energy  at  the  convener  Ec  >  250 
MeV;  ouqiut  positron  current  i'^3()ma  (at  510  MeV  in  ±1%). 

The  Linac  will  be  installed  into  the  70  m  long  existing 
tunnel  of  the  ADONE  Linac.  Assuming  a  Linac  filling  factor 
of  0.7,  the  total  length  of  the  accelerating  sections  should  be 
around  50  m  corresponding  to  a  field  gradient  of  about  20 
MV/m.  Our  analysis  shows  that  the  optimum  section  length 
is  3  m.  Some  possible  configurations  for  the  DAd>NE  Linac, 
based  on  the  3  m  long  sections  are  given  in  Table  3. 

All  the  configurations  presented  in  Table  3  fulfil  the 
above  mentioned  requirements.  Additional  infoimations,  like 
reliability  and  costs  are  then  necessary  to  support  the  final 
choice.  From  this  point  of  view  the  solutions  with  lower  gra¬ 
dient  (i.e.  21  MV/m)  are  preferable  since: 

-  most  of  the  existing  large  electron  Linacs  operate  below  20 
MV/m. 


-  the  existing  tunnel  in  the  LNF  area  allows  the  installation 
of  about  50  m  of  active  Linac  which  means  a  possible  total 
energy  of  1000  MeV  with  an  accelerating  gradient  of  20 
MV/m. 

-  as  shown  in  Table  3  we  estimate  that  a  20  MV/m  Linac  is 
cheaper  than  a  30  MV/m  one. 


Table  3 

Possible  DAONE  Linac  Configurations 


N®  sections 

14+2* 

12+2* 

10+2* 

E(MV/m) 

21 

21 

30 

i+  (ma ) 

50 

36 

50 

Wc  (MeV) 

390 

270 

380 

Wt  (MeV) 

930 

810 

940 

N®  Wystr.  *'* 

4(4) 

3(4)+l(2) 

5(2)+l(2) 

cost  (relau) 

1.05 

1. 

1.13 

♦  20  MeV  Bunchers 

♦*  The  number  of  sections  per  klystron  in  brackets. 


The  main  components  of  the  positron  source  are;  the 
converter,  the  magnetic  focusing  and  the  high  gradient  capture 
accelerating  section.  The  converter  will  be  made  of  high  Z  ma¬ 
terials  such  as  Ta  or  Au,  resistant  to  thermal  and  mechanical 
stresses.  The  average  power  of  an  electron  beam  passing 
through  the  converter  will  be  about  1.2  kW,  the  power  dissi¬ 
pated  in  the  converter  being  about  16%  (ie.  ~  200  W)  of  the 
total  beam  power.  Considering  the  good  performances  of  the 
ADONE  converter  [4,5],  which  can  dissipate  about  10  kW,  we 
intend  to  adopt  a  similar  solution  for  DAONE.  Since  the  elec¬ 
tron  energy  on  the  converter  will  be  more  than  twice  that  of 
ADONE  Linac,  also  the  thickness  of  the  target  should  be 
larger  (e.g. »  2  radiation  lengths). 

The  electrons  will  be  focused  by  a  quadrupole  uiplet  to 
form  a  spot  with  a  diameter  smaller  than  1  mm,  the  positrons 
will  be  confined  by  a  very  intense  tapered  magnetic  field  of  the 
order  of  5-^  Tesla  generated  by  a  flux  concentrator  [6].  Further 
optimization  of  the  capture  efficiency  can  be  obtained  by 
adding  after  the  flux  concentrator  a  short  very  high  gradient  ac¬ 
celerating  capture  section  with  the  proper  phase  [7]. 

III.  THE  ACCUMULATOR 

The  use  of  an  accumulator  between  the  Linac  and  the 
main  rings  has  the  following  major  advantages: 

-  it  avoids  injection  saturation  due  to  the  large  number  of  in¬ 
jection  pulses  (« 1.6x10^)  by  subdividing  them  into  45  puls¬ 
es  into  the  accumulator  times  360  pulses  into  the  main 
rings; 

-  it  provides  a  larger  longitudinal  acceptance,  since  the  RF  fre¬ 
quency  of  the  accumulator  can  be  much  lower  than  the  main 
ring  one; 

-  it  decouples  the  design  of  the  main  rings  from  injection  re¬ 
quirements,  since  the  emittance  and  energy  spread  of  the 
damped  beam  from  the  accumulator  are  much  smaller  than 
those  of  the  beam  coming  directly  from  a  Linac. 

The  length  of  the  accumulator  has  been  chosen  as  1/3  of 
the  main  ring  circumference,  to  easily  synchronize  injection  of 
any  desired  bucket  of  DAONE.  For  the  same  reason,  the  RF 
frequency  of  the  accumulator  cavity  is  exactly  5  times  lower 
than  the  main  ring  one. 
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Fig.  2  shows  the  layout  of  the  positron/electron  accumu¬ 
lator  with  the  schematic  of  the  transport  channels  from  the 
Linac  and  to  the  main  rings.  Positrons  will  be  injected  into  the 
accumulator  from  the  left  channel  and  extracted  from  the  right 
one,  while  electrons  will  follow  the  opposite  path.  A  symmet¬ 
ric  set  of  four  kickers  will  provide  the  necessary  orbit  distor¬ 
tion  for  injection  and  extraction  of  both  electrons  and  posi¬ 
trons. 


Figure  2.  The  Accumulator  Layout. 


The  accumulator  lattice,  derived  from  the  storage  ring 
ACO  in  Orsay  [8],  has  a  fourfold  symmetric  periodicity,  and 
has  been  chosen  to  optimize  injection  performance.  The  opti¬ 
cal  functions  of  one  fourth  of  the  ring  are  shown  in  Fig.  3. 
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Figure  3.  Optical  Functions  of  one  fourth  of  the  Ring. 

Four  low-dispersion  3.6  m  long  straight  sections  provide 
enough  space  for  the  kickers,  the  injection  septa  and  the  RF 
cavity.  Each  bending  section  includes  two  45®  magnets  with 
field  index  n=0.5  to  ensure  the  best  damping  partition,  a 
quadrupole  triplet  to  tune  the  horizontal  phase  difference  be¬ 
tween  the  kickers  and  the  septa  and  a  couple  of  sextupolcs  to 
correct  the  chromaticity  in  both  the  horizontal  and  the  vertical 
plane. 

The  gradient  bending  magnets  will  be  H-shaped  with  a 
bending  radius  of  1.1  m,  corresponding  to  a  cenu’e  field  of  1.55 
T,  with  a  minimum  gap  of  5  cm.  The  quadnipoles  are  designed 
to  a  magnetic  length  of  34  cm,  with  a  maximum  gradient  of 


8.3  T/m  and  a  bore  radius  of  5  cm.  The  sextupoles  have  a 
magnetic  length  of  10  cm,  with  a  maximum  gradient  of  80 
T/m^.  Four  kickers  are  used  simultaneously  for  injection  of 
electrons  and  posiU'ons  from  the  Linac.  This  arrangement  has 
been  chosen  to  exactly  cancel  the  perturbation  of  the  already 
stored  beam  at  each  injection  pulse.  Only  two  of  them  provide 
the  necessary  kick  to  extract  the  beam  from  the  accumulator. 
The  required  kicker  pulse  length  is  =100  nsec  and  the  maxi¬ 
mum  strength  is  67  G-m  for  injection  and  1 10  G  m  for  exU’ac- 
tion.  Table  4  gives  a  parameter  list  for  the  accumulator. 

Table  4 

Parameters  of  the  accumulator 


Energy  (GeV)  0.51 

Circumference  (m)  3 1 .52 

Straight  section  length  (m)  3.67 

Horizontal  betatron  wavenumber  2.89 

Vertical  betatron  wavenumber  1.13 

Dispersion  at  Straight  Section  CenU-e  (SSC)  (m)  0. 1 3 

Horizontal  p  at  SSC  (m)  2.5 1 

Vertical  Pat  SSC  (m)  3.87 

Maximum  dispersion  (m)  0.81 

Maximum  horizontal  P  (m)  4.24 

Maximum  vertical  P  (m)  10.40 

Horizontal  betatron  damping  time  (msec)  19.7 1 

Vertical  betatron  damping  time  (msec)  19.7 1 

Synchrotron  damping  time  (msec)  9.86 

Momentum  compaction  0.059 

Emittance  (mm-mrad)  0.27 

r.m.s.  energy  spread  (%)  0.042 

Horizontal  r.m.s.  beam  size  at  SSC 
(mm,no  coupling)  0.82 

Vertical  r.m.s.  beam  size  at  SSC 
(mm,full  coupling)  0.72 

Horizontal  chromaticity  (sextupoles  ofO  -4.13 

Vertical  chromaticity  (sextupoles  ofO  -4.10 

RF  frequency  (MHz)  76.09 

RF  voltage  (MV)  0.1 

Harmonic  number  8 

RF  energy  acceptance  (%)  ±1.55 

r.m.s.  bunch  length  (cm,  radiation  only)  2.86 
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Abstract 

A  1.025  MHz  (~  10®  discrete  pulses/s)  beam  chopper  is 
required  for  the  injection  line  into  the  Accumulator  ring 
of  the  KAON  Factory  at  TRIUMF  [1],  The  beam  chopper 
will  create  108  ns  gaps  in  the  1  GeV/c  H"  beam  to  allow 
enough  time  for  the  magnetic  field  to  be  established  in  the 
kicker  magnets  in  each  of  the  5  rings.  The  required  deflec¬ 
tion  of  1  mrad  can  be  achieved  with  a  set  of  plates  5  cm 
apart  in  which  the  product  of  voltage  difference  and  plate 
length  is  37.7  kV-m.  The  “kick”  must  have  a  rise  and  fall 
time  of  less  than  39  ns  and  a  flat  top  of  49  ns  and  92  ns  on 
alternate  pulses.  A  novel  design  concept  for  a  1  MHz  chop¬ 
per  has  been  developed  involving  an  energy  storage  system 
where  the  electric  pulses  are  stored  in  a  large  diameter  (10 
cm)  low  loss  coaxial  cable.  Measurements  on  the  perfor¬ 
mance  of  a  high  voltage  prototype  are  presented.  Results 
are  encouraging  and  show  that  this  novel  design  can  be 
implemented  successfully  for  the  KAON  Factory. 

I.  Introduction 

The  TRIUMF  cyclotron  will  be  used  as  an  injector  for 
the  KAON  Factory  synchrotron.  The  H"  beam  pulse  pe¬ 
riod  is  43.5  ns,  and  allowing  for  jitter  the  effective  beam 
burst  width  will  be  about  4.5  ns  so  that  the  effective  gap 
between  beam  bursts  will  be  about  39  ns  [Ij.  The  chop¬ 
per  rate  will  be  1.025  MHz  with  a  100%  macro-duty  factor 
with  alternate  pulse  widths  of  49  ns  and  92  ns,  as  shown 
in  Figure  1,  so  that  2  and  3  bunches  will  be  removed  alter¬ 
nately  at  approximately  1  //sec  intervals.  Similar  device  at 
other  laboratories  operate  at  either  low  repetition  rates  in 
the  100  Hz  range  [2,3]  or  for  example  at  a  0.25%  macro¬ 
duty  factor  and  10  MHz  [4].  The  deflected  beam  bunches 
will  impinge  on  a  stripper  foil  and  be  further  separated 

j- -  976ns  - 
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Figure  1:  Pulse  pattern  of  prototype  1  MHz  chopper. 


from  the  undeflected  H~  beam  by  a  downstream  dipole 
magnet  and  directed  to  a  10  //amp  beam  dump.  The  accu¬ 
mulator  ring  will  store  H“  pulses  in  sets  of  45,  interleaved 
into  two  groups  as  shown  in  Figure  2  and  the  gap  between 
most  pulses  will  be  reduced  to  10  ns.  The  resultant  gap 
for  the  kickers  will  be  108  ns  in  the  accumulator  ring  with 
5  consecutive  bunches  missing. 

The  rise  and  fall  time  of  the  driving  voltage  pulse  (r„(r)), 
between  o%  and  6%,  and  the  propagation  time  {ntam)  of 
the  H~  beam  through  the  center  fed  deflector  plates  must 
satisfy  [9]: 

T-'fr)  +  (Af  X  ntamV  <  (39  ns)*  (1) 

Where  x  is  a  power  function  and  depends  on  the  shape 
of  the  rising  edge  but  is  constant  for  fixed  M  (=  ^). 
If  the  pulse  shape  is  trapezoidal  then  x  ~  1.6  (2.1)  for  a 
5%  -*  95%  (10%  -♦  90%)  risetime  [9].  If  the  deflector 
plates  are  4  m  long  and  the  kick  rise  time  is  defined  from 
10%  — ►  90%,  then  from  equation  (1)  the  rise  time  of  the 
electrical  pulse  must  be  less  than  38  ns. 

II.  Chopper  Design  Concept 

The  original  design  concept  has  been  described  else¬ 
where  [5,7,8]  but  has  been  modified  somewhat  and  the 
present  system  will  be  outlined  here.  Electrical  pulses  will 
be  stored  in  a  very  low  loss  coaxial  cable  that  has  a  one 
way  propagation  time  of  approximately  1  //s.  This  will 
permit  the  storage  of  two  pulses  of  different  widths  that 
are  1  //s  apart. 

A.  Original  Design  Concept 

In  the  original  design  there  were  two  tetrodes  mounted 
at  one  end  of  a  storage  cable.  The  far  end  of  the  storage 
cable  was  connected  to  the  center  of  a  set  of  open  circuit 
deflector  plates  which  are  configured  as  a  100  D  stripliiie 
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Figure  3:  Prototype  1  MHi  chopper 


to  match  the  impedance  of  the  50  storage  cable.  The 
charger  tetrode  was  used  to  reshape  the  leading  edge  of  the 
stored  pulse  and  the  clipper  tetrode  was  used  to  reshape 
the  trailing  edge  of  the  pulse.  The  cable  was  connected 
to  the  charger  tetrode  at  the  cathode  and  to  the  clipper 
tetrode  at  the  anode.  The  main  disadvantage  of  this  circuit 
was  that  the  stray  capacitance  of  the  tetrode  with  the  cath¬ 
ode  connection  was  too  high.  The  total  stray  capacitance 
in  the  prototype  was  about  1000  pF  and  it  was  not  possible 
to  achieve  the  required  rise  time.  The  best  achieved  rise 
and  fall  time  of  a  7  kV  positive  pulse  was  65  ns  and  90  ns 
respectively  when  both  tetrodes  were  connected. 

B.  Present  Design  Concept 

The  schejTiatic  for  the  present  version  of  the  KAON  Fac¬ 
tory  chopper  ic>  shown  in  Figure  3.  There  is  only  one 
CY1172  [6]  tetrode  which  is  anode  connected  to  the  center 
of  the  storage  cable.  The  total  stray  capacitance  is  about 
240  pF.  One  end  of  the  center  fed  cable  is  short  circuited 
at  the  far  end  and  the  other  end  is  open  circuited.  The 
cable  is  mounted  to  the  tetrode  in  such  a  way  that  the 
inductance  of  the  connection  and  the  stray  capacitance  of 
the  tetrode  appears  as  a  segment  of  lumped  element  50  Q 
transmission  line.  The  inductance  of  the  anode  connection 
is  shown  in  figure  4. 


Figure  4.  Prototype  grid  driver  circuit  for  the  1  MHz  chopper. 
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Figure  5:  Lattice  diagram  of  the  1  MHz  chopper  pulse  pattern. 


Figure  4  shows  the  output  stage  of  the  control  grid  driver 
circuit.  The  pulse  pattern  on  each  of  the  four  parallel  grid 
drivers  was  controlled  through  four  fiber  optic  links  from 
a  pulse  sequencer  [11].  The  pulse  widths  and  amplitudes 
of  each  of  the  four  fet  puisets  could  be  controlled  inde¬ 
pendently.  The  pulse  sequencer  permits  operation  with 
various  burst  lengths  at  macro-duty  factors  up  to  100%. 

Figure  5  shows  the  ideal  pulse  pattern  at  the  center  and 
at  the  open  circuit  end  of  the  pulse  storage  cable.  Each 
alternate  reflection  from  the  ends  of  the  cable  causes  a  null 
at  the  center  of  the  cable.  When  the  pulse  at  the  center 
of  the  storage  cable  is  negative  the  tetrode  is  turned  on  to 
restore  the  leading  edge  (charge).  When  the  pulse  at  the 
center  of  the  storage  cable  is  positive  the  tetrode  is  turned 
on  to  restore  the  trailing  edge  (clip).  The  duration  and 
the  amplitude  of  the  clipper  pulse  must  be  controlled  very 
precisely  to  avoid  overshoot  or  undershoot.  The  amplitude 
of  the  charge  pulse  is  not  so  critical  but  the  timing  of  this 
pulse  relative  to  the  storage  cable  length  must  be  precisely 
controlled. 

111.  Prototype  Tests 

The  prototype  tests  were  carried  out  at  about  2.3  MHz 
since  the  total  available  length  of  10  cm  diameter  storage 
was  426  ns.  The  prototype  deflector  plates  have  not  been 
connected  to  the  system  for  any  of  the  tests  to  date.  If 
there  were  no  stray  capacitance  or  inductance  then  the 
pulse  period  at  the  end  of  the  open  circuit  cable  would  be 
426  ns.  However  the  presence  of  stray  inductance  and  ca¬ 
pacitance  introduces  a  delay.  At  a  3%  macro-duty  factor 
and  a  high  voltage  of  8  kV,  the  pulse  period  was  varied  until 
the  fall  time  of  the  negative  pulse  was  minimized.  The  best 
fall  time  occurred  at  a  period  of  436  ns  (2.29  MHz).  The 
free  running  period  of  pulses  when  the  tetrode  is  turned 
off  is  440  ns.  Thus  there  is  an  effective  phase  shift  of  4  ns 
every  pulse  period,  between  a  driven  edge  of  a  pulse  and 
the  interpulse  ripple.  This  turns  out  to  be  a  significant 
advantage  in  eliminating  the  interpulse  garbage.  The  in¬ 
terpulse  garbage  delays  in  phase  for  a  few  hundred  pulses 
until  it  becomes  absorbed  into  a  high  voltage  pulse. 

The  pulse  patterns  shown  in  Figure  6  were  measured 
200  /IS  after  the  first  pulse  at  a  3  %  macro-duty  factor 
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The  solid  (dashed)  curves  show  the  data  for  a  wide  (nar¬ 
row)  pulse  pattern  at  the  grid,  anode  and  the  open  circuit 
end  of  the  cable.  The  width  of  the  annJe  pulse  is  deter¬ 
mined  by  the  relative  delay  of  the  grid  clipper  pulse.  The 
amplitude  of  the  pulses  is  about  7  kV  and  it  can  be  seen 
that  the  null  between  the  anode  pulses  is  very  clean.  Table 
1  shows  a  summary  of  the  rise  and  fall  times  of  the  4  mea¬ 
sured  voltage  pulses  at  the  open  circuit  end  of  t  he  cable  for 
the  wide  pulse  pattern  sequence  shown  in  Figure  6.  The 
deflection  rise  and  fall  times  were  calculated  [9]  for  a  set 
of  4  m  deflector  plates  using  the  measured  pulse  patterns. 
The  phase  jitter  shown  in  Table  1  relative  to  the  first  pos¬ 
itive  pulse  and  the  ramp  times  must  fit  into  the  39  ns  gap 
between  beam  bursts. 

Tests  were  also  carried  out  at  a  50%  macro-duty  factor 
and  the  pulse  patterns  were  the  same  but  the  voltage  levels 
were  lower  due  to  limitations  in  the  power  supplies.  The 
power  dissipation  in  the  150  kW  tetrode  was  only  about 
7  kW  at  a  50%  duty  factor  but  the  power  dissipation  in  the 
grid  pulser  prevented  operation  above  this  rate.  However 
the  pulse  repetition  rate  of  2.29  MHz  is  more  than  double 
the  rate  required  for  the  final  version  so  we  were  able  to 
achieve  1.14  x  10®  pulses/s  at  about  6.5  kV  continuously. 


Table  1. 

Rise  and  fall  times  of  wide  pulses 


Location 
of  Pulse 
Edge 

Voltage 
rise,  fall  (ns) 
in%-90% 

Deflection 
rise,  fall  (ns) 
10%— 90% 

Phase  Jitter 
(ns) 

±50%-.±50% 

1**  pos 
Leading 

14.7 

18.2 

0,0 

Wailing 

43.3 

43.6 

0.0 

2"“  pos 
Leading 

31 

31.4 

+6.2 

Wailing 

34.1 

36.3 

-6.8 

1“  neg 
Leading 

27.6 

27.5 

-f9.5 

Wailing 

34.6 

36.7 

-6.7 

2'"'  neg 
Leading 

16.2 

19.4 

-2.1 

Trailing 

38.5 

39.9 

+0.2 

IV.  Conclusions 

The  results  show  that  the  prototype  chopper  can  achieve 
operation  at  1  MHz  continuously  for  6.5  kV  pulses  and  that 
we  are  very  close  to  meeting  the  rise  and  fall  time  spec¬ 
ification  of  39  ns.  Modifications  are  presently  underway 
to  further  reduce  the  stray  capacitance  and  inductance  as¬ 
sociated  with  the  tetrode  connection  to  reduce  the  ramp 
times  and  the  phase  jitter.  The  high  voltage  power  supply 
is  being  replaced  so  that  the  chopper  operate  at  12  kV. 
The  grid  pulrer  is  being  improved  so  that  we  can  achieve 
operation  at  2.3  MHz  continuously  for  the  prototype  tests. 
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Results  of  Calculations  on  the  Beam  Deflection  due  to  the  1  MHz  Chopper 

for  the  Kaon  Factory 

M.  J.  Barnes,  G.  D.  Wait 

TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  B.C.,  Canada  V6T  BAS 
Absiract  As  a  result  of  parasitic  inductance  and  capacitance  as- 


Deflection  of  1  GeV/c  H“  beam  bunches  to  be  elimi¬ 
nated  by  the  1  MHz  chopper,  for  the  proposed  Kaon  fac¬ 
tory  at  TRIUMF,  will  be  provided  by  an  electric  field  be¬ 
tween  a  set  of  deflector  plates  [1,2],  Deflection  rise  time 
is  a  function  of  beam  transit  time  through  the  deflector 
plates  and  the  rise  time  of  the  stored  voltage  pulse.  This 
paper  presents  the  results  of  time-domjun  mathematical 
simulations  to  assess  the  relationship  between  the  above 
quantities:  the  results  of  these  simulations  allow  an  accu¬ 
rate  determination  of  the  required  rise-time  of  the  stored 
voltage  pulse.  The  representation  of  the  deflector  plates 
is  modified  so  that  linear  displacement  of  the  beam,  as 
well  as  angular  defiection,  may  be  assessed.  Simulations 
have  also  been  performed  to  assess  the  attenuating  effect 
of  the  deflector  plates  upon  both  angular  deflection  and 
linear  displacement  of  the  H”  beam  caused  by  voltage  rip¬ 
ple.  A  measured  voltage  pulse  is  simulated  as  driving  the 
deflector  plates,  and  beam  deflection  is  predicted. 

I.  Introduction 

Angular  deflection  rise  [fall]  time  is  a  function  of  the 
beam  transit  time  through  the  deflector  plates  and  the 
rise  [fall]  time  of  the  stored  voltage  pulse  [3,4].  The  re¬ 
lationship  between  total  angular  deflection  rise  [fall]  time 
between  a%  and  6%,  the  rise  [fall]  time 
of  a  trapezoidal  driving  voltage  (<t,(r/y)(a%-.t%]),  between 
a%  and  b%,  and  the  transit  time  of  the  beam  through  the 
deflector  plates  {neam)  Is  assumed  to  be  of  the  form: 

*e,(r//)[o%-.6%J  =  <*(r//)[a%-.6%]  +  (M  X  neamY  (1) 
Where: 

a:  is  a  power  function  relating  the  variables; 

Af  is  a  multiplier  for  the  beam  transit  time  through  the 
deflector  plates:  the  value  of  M  is  related  to  the  definition 
of  the  rise-time  [M  =  ^]. 

The  results  of  mathematical  simulations  are  used  to  de¬ 
termine  the  dependence  of  the  power  fum  'on  (x)  upon 
the  rise  [fall]  time  of  the  driving  voltage  waveform  and  the 
physical  length  (f)  of  the  deflector  plates  [4]. 

A  beam  particle  can  exit  the  deflector  plates  with  a  tra¬ 
jectory  parallel  to  the  horizontal  (0*  =  0")  but  linearly 
displaced  from  the  centre-line  of  the  plates  [4].  Thus  in 
order  to  track  beam  particles  through  the  deflector  plates 
it  is  necessary  to  calculate  both  angular  deflection  and  lin¬ 
ear  displacement  of  the  particles.  Hence  the  mathematical 
model  of  the  deflector  plates  [5]  has  been  modified  such 
that  linear  displacement  of  beam  particles  is  also  predicted. 
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socjated  with  the  1  MHz  chopper  there  may  be  voltage 
ripple  on  the  storage  cable  [6].  The  deflector  plates  can 
act  to  attenuate  the  effect  of  the  ripple  [4,7].  Simulations 
have  been  performed  to  assess  the  attenuating  effect  of  the 
deflector  plates  as  a  function  of  the  frequency  of  the  ripple 
and  the  physical  length  of  the  plates. 

II.  Calculation  of  Power  Function  ’z’ 

If  a  voltage  pulse  with  zero  rise-time  is  applied  to  centre- 
fed  deflector  plates  the  total  angular  deflection  (0()  expe¬ 
rienced  by  a  particle  exiting  the  plates  will  increase  linearly 
from  zero,  at  a  time  after  application  of  the  ideal  pulse, 
to  its  idealized  flat-top  value  (0j,),  at  a  time  r„,  -f  ntam 
after  application  of  the  pulse  [4,5]  where: 


In  the  ideal  case  the  total  angular  deflection  increases  from 
0  %  to  100  %  of  0„-  in  time  rjeom-  However,  if  the  limits  of 
interest  of  angular  deflection  are  5  %  and  95  %  of  Cu  then, 
in  the  ideal  case,  the  90  %  angular  deflection  excursion 
occurs  in  a  time  interval  (At)  given  by: 

At  —  Af  X  Tifam  (3) 

where  M  =  0-9. 

Previous  mathematical  simulations  of  the  1  MHz  chop¬ 
per  assumed  that  the  value  of  z  is  unity  [2,3,6]:  thus  the 
permitted  voltage  rise  [fall]  time  {tpv(r/j))  was  calculated 
from: 

=  <©,(r//)[a%-.6%]  “  Af  X  Ticam  (4) 

where  t&,(Ti!)\a%-^b%]  -  39  ns  [8,9].  However  the  general 
form  of  equation  4  is: 

^pv(r//)[o%->»%]  =  (^©,(r//)(o%->t%J  “  (^eam  X  Af  (5) 

Time  domain  PSpice  simulations  have  been  carried  out 
to  evaluate  z.  An  80  section  representation  of  the  deflec¬ 
tor  plates  [4,5]  was  utilized  to  assess  the  depende"fe  of  the 
power  function  (z)  [see  equation  1]  upon  the  beam  transit¬ 
time  multiplier  (Af)  for  5  different  conditions. 

•  £  =  4  m  (r^eom  =  18  06  ns),  /vtrjfoSt-ioo^]  =  20  ns; 

•  3-78  m  (neom  =  17  1  ns),  4(rj[o%-ioo%i  =  20  ns, 

•  f  =  2  m  {r^eam  —  9  03  ns),  ioo%]  ~  20  ns, 

•  f  =  4  m  {Tbeam  —  18  06  ns),  100%]  =  36  ns, 

•  f  =  3  78  m  (rjeam  =  17  1  ns),  tv(r)[o%-.ioo%]  =  6  67  ns 
The  dependence  of  ’z’  upon  ’Af’  is  shown  in  fig  1 
for  each  of  the  last  4  simulations:  the  value  of  x  for 
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^t)(r)(o%-.ioo%]  =  20  ns,  is  almost  identical  for  the  cases 
where  £  =  3'78  m  and  £  =  4  m.  The  value  of  the  power  func¬ 
tion  increases  with  reducing  beam  transit-time  multiplier. 
If  the  total  angular  deflection  rise  [fall]  time  is  defined  as 
5  %  to  95  %  (M=0-9)  then  the  power  function  lies  in  the 
range  l-O  to  1-7  (fig.  1).  For  i=l-6  (M=0-9),  and  4  m  de¬ 
flector  plates  (neom=18-06  ns)  =>  <p«(r//)[5%-.95%)=32-6  ns 
(c.f.  fpv(r/;)[5%_95%]=22-7  ns  if  X  is  assumed  to  be  10). 


Figure  1:  Power  function  (x)  versus  beam  transit  time  multiplier  (M) 

III.  Modified  Representation  of  Plates 
A.  Improved  Precision 

Equations  given  elsewhere  [10,11]  for  the  electric  and 
magnetic  components  of  angular  deflection  sum  the  incre¬ 
mental  deflections  (A0e„((„)  and  A0mn((ri).  respectively), 
at  N+l  circuit  nodes  in  the  mathematical  model  of  the 
deflector  plates,  while  giving  each  of  the  incremental  de¬ 
flections  an  equal  weighting  function.  However  A0e„((„) 
and  A0mn(tf»)  represent  the  incremental  deflections,  over 
a  length  A£  of  the  deflector  plates,  assuming  that  instan¬ 
taneous  node  voltage  (^^((nj)  and  instantaneous  branch 
current  {In(tn))  are  constant  over  length  A£  (version  10 
of  deflector  plate  mathematical  model).  But  a0en(,„^  and 
AQmn(tn)  at  the  ends  of  the  plates  should  ideally  be  cal¬ 
culated  assuming  that  and  I„(tn)  are  constant  over 
a  length  version  1  i  of  the  mathematical  model  of  the 
deflector  plates  simulates  the  ends  of  the  plates  accord¬ 
ingly.  Details  of  the  revised  mathematical  model  can  be 
found  elsewhere  [4]. 

A  draw  back  of  the  modified  mathematical  model  of  the 
deflector  plates  is  the  increased  CPU  time  required,  the 
ceiling  compute  step  which  PSpice  uses  is  proportional  to 
the  delay  of  the  shortest  transmission  line  represented.  The 
shortest  delay  is  reduced  by  a  factor  of  thus  the  CPU 
time  and  segment  size  required  all  increase  significant!)  [-1]. 


Frequency  (MHz) 

Figure  2:  Dependence  of  linear  displacement,  normalisied  to  and 
total  angular  deflection  upon  frequency  and  plate  length 


B.  Linear  Displacement  of  Beam 

The  idealized  linear  displacement  (dj/,(e))  of  a  beam  par¬ 
ticle,  at  the  exit  to  the  deflector  plates,  is  given  by  [4]: 

e 

dyi(t)  =  Qti  X  2  (^) 

However  a  beam  particle  which  exits  the  deflector  plates 
with  a  trajectory  parallel  to  the  horizontal  (0»  =  0®)  may 
be  displaced  from  the  centre  line  of  the  deflector  plates  [4], 
Thus  in  order  to  determine  the  linear  displacement  of  a 
particle  at  the  exit  of  the  deflector  plates  (dj/e),  and  a 
distance  id$  down-stream  of  the  exit,  the  PSpicc-  equivalent 
circuit  of  the  deflector  plates  has  been  modified:  details  of 
the  revised  model  are  given  elsewhere  [4]. 

The  modified  representation  of  the  plates  is  used  for  the 
remainder  of  the  simulations  reported  in  this  paper. 

IV.  Effect  of  Deflector  Plates  Upon  Ripple 

As  a  result  of  parasitic  inductance  and  capacitance  a.s- 
sociated  with  the  1  MHz  chopper  there  may  be  voltage 
ripple  on  the  storage  cable  [6];  the  deflector  plates  can 
act  to  attenuate  the  effects  of  the  ripple.  A  frequenc) 
domain  analysis  of  a  40  section  representation  of  the  de¬ 
flector  plates  has  been  performed  using  veisioii  1  05p  of 
PSpice  [12].  the  results  of  these  simulations  art  .shown  in 
fig.  2.  For  the  1  MHz  chopper  any  significant  voltage  rip¬ 
ple  is  likely  to  be  in  the  frequency  band  np  to  50  .Mllz  [()] 
Thus,  in  general,  the  longer  the  deflector  plates  tlie  k.ss 
is  the  effect  of  a  given  frequency  voltage  ripple  upon  the 
angular  deflection  and  normalized  linear  displateinent  of 
the  beam  (fig.  2).  For  a  given  product  of  deflector  plate 
length  and  frequency  (e.g.  4  m  plates  and  25  Mllz  riiqde, 
or  2  m  plates  and  50  MHz  ripple)  the  angular  deflection 
of  the  beam  is  a  constant,  similarly  the  normalized  linear 
displacement  of  the  beam,-  at  the  exit  of  the  jdates,  is  uNo 
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V.  Conclusion 


Time  (/xs) 

Figure  3:  Measured  voltage  waveform  and  predicted  total  angular 
deflection 


a  constant.  Thus  20  MHz  voltage  ripple  applied  to  5  m  de¬ 
flector  plates,  or  the  same  magnitude  of  33-3  MHz  ripple 
applied  to  3  m  plates  have  the  sanic  c.'f.ci  upon  the  beam. 

Version  4'05p  of  Probe  [12]  was  utilized  to  output  tables 
of  frequency  versus  magnitude  (in  dB)  and  phase  (in  de¬ 
grees)  for  total  angular  deflection  and  linear  displacement, 
at  the  exit  of  the  plates,  for  a  40  section  representation  of 
4  m  plates.  These  tables  are  used  as  data  for  the  frequency 
response  extension  of  the  controlled  sources,  of  the  Ana¬ 
log  Behavioral  Model  option,  for  Pspice  simulations:  the 
frequency  response  tables  are  the  total  angular  deflection 
and  linear  displacement  transfer  functions  for  the  deflector 
plates. 

A  time  domain  simulation  was  then  performed  using  the 
frequency  response  tables  (1  MHz  -♦  2000  MHz)  for  the 
deflector  plates,  and  a  piece-wise  linear  (PWL)  approxima¬ 
tion  of  a  representative  driving  voltage  was  simulated  [7]. 
The  predicted  angular  deflection  and  linear  displacement 
are  virtually  identical  to  those  predicted  when  a  discrete 
element  representation  of  the  plates  is  used:  however  the 
CPU  time  for  the  transient  analysis  is  reduced  to  6  %  of 
that  required  for  the  discrete  component  representation  (7). 

Fig.  3  shows  a  plot  of  measured  voltage  for  the  prototype 
1  MHz  chopper  [9]:  the  digitized  waveform  was  stored  on 
a  p.c.  and  subsequently  used  as  time-voltage  corner  points 
for  a  PWL  independent  voltage  source  in  a  PSpice  simu¬ 
lation.  The  PWL  source  is  used  as  input  to  the  frequency 
response  table  representations  of  4  m  deflector  plates.  The 
predicted  angular  deflection  is  also  shown  in  fig.  3.  The 
rise-time  of  the  measured  voltage  shown  in  fig.  3  is  17.7  ns 
(5  %  — +  95  %):  the  predicted  rise-time  for  the  angular 
deflection  (21.7  ns)  is  less  than  that  which  would  be  cal¬ 
culated  using  equation  5,  with  x=l-6.  The  deflector  plates 
reduce  the  effect  of  the  pre-pulse  and  ‘flat-top’  ripple  upon 
the  angular  deflection  (fig.  3). 


Two  quantities  are  used  to  relate  beam  transit  time 
through  the  deflector  plates  (and  hence  the  physical  length 
of  the  plates),  the  rise  [fall]  time  of  a  trapezoidal  driving 
voltage  and  the  rise-time  of  the  total  angular  deflection:  a 
power  function  and  a  multiplier  for  the  beam  transit  time. 
For  angular  deflection  rise-time  defined  between  5  %  and 
95  %  the  power  function  x  has  a  value  of  approximately 
T6  for  a  trapezoidal  driving  voltage:  however  1-6  is  a  con¬ 
servative  ’rule-of  thumb’  for  determining  required  rise  [fall] 
time  for  stored  voltage  pulses. 

A  frequency  domain  analysis  of  the  mathematical  model 
of  the  deflector  plates  shows  that,  for  a  given  product  of  fre¬ 
quency  and  plate  length,  the  effect  of  voltage  ripple  upon 
the  beam  is  a  constant.  In  addition,  for  voltage  ripple  in 
the  frequency  band  up  to  50  MHz,  the  longer  the  plates 
the  less  is  the  effect  of  a  given  frequency  ripple  upon  the 
beam. 
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Abstract 


As  part  of  the  Collider  upgrade  a  new  abort  system  is  to  be 
install^  in  the  Tevatron  at  AO.  It  consists  of  two  sets  of  fast 
kickers  and  two  90%  full  aperture  graphite  beam  dumps.  This 
system  will  abort  both  protons  and  antiprotons.  Details  of  the 
b^  dump  design  and  construction  are  presented. 

Introduction 

During  past  Collider  runs  beam  was  aborted  at  the  long 
straight  section  CO.  Protons  were  aborted  using  the  already 
existing  external  beam  dump[l]  while  antiprotons  were  aborted 
via  kicker  magnets  at  C17  and  an  internal  "block"  located  at 
the  downstream  end  of  the  CO  long  straight  section.  For  the 
upcoming  Collider  run  new  abort  systems  will  be  installed  at 
AO  long  straight  for  both  protons  and  antiprotons.  There  are 
three  compelling  reasons  for  doing  this;  1)  the  space  in  the 
C17  warm  section  is  to  be  used  exclusively  for  Separators ,  2) 
the  abort  kicker  power  supplies  used  two  stage  thyratron  tubes 
which  were  susceptible  to  preflres  and  3)  36  x  36  bunch 
operation  requires  the  kickers  to  be  as  close  to  one  another  as 
possible. 

The  new  system  to  be  installed  consists  of  10  steel  cored 
kickers,  5  at  each  end  of  the  straight  section.  2  internal  beam 
absorbers  and  2  sets  of  beam  position  monitors  one  set  in 
front  of  each  absorber.  Hie  kickers  are  each  88.06"  long  while 
each  absorber  is  188"  long.  Before  a  Collider  run  can  begin  all 
devices  in  AO  used  for  Fixed  Target  extraction  must  be 
removed.  The  abort  system  will  be  mounted  on  moveable 
plates  and  rolled  in  after  the  extraction  devices  are  moved  out 

Design  Parameters 

The  requirements  of  the  abort  system  are  detailed  in 
Reference  [2].  All  the  calculations  were  based  on  the  following 
intensities; 

150  GeV  Intensity  =  4.4E12  protons 
1  TeV  Intensity  =  2.6E12  protons 

1  TeV  Intensity  =  2.6E12  antiprotons 

As  for  the  number  of  aborts;  it  was  assumed  that  during  the 
setup  time,  when  the  energy  is  150  GeV  that  the  abort  would 
be  Bred  once  every  2  minutes  for  up  to  4  hours;  that  protons 
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would  be  aborted  6  times  a  day  at  1  TeV  and  that  antiprotons 
would  be  aborted  2  times  a  day  at  1  TeV. 

Given  the  above  intensities  the  abort  must  be  designed 
such  that  it  contains  most  of  the  beam  energy.  Excess  energy 
escaping  the  abort  material  would  be  deposited  in 
superconducting  magnets  and  could  result  in  quenching  the 
magnet.  Approximately  ImJ/gram  deposited  in  a 
superconducting  coil  will  result  in  a  quench[l,2].  In  addition 
the  material  must  be  able  to  withstand  both  the  instantaneous 
thermal  shock  and  the  steady  state  temperature.  Consideration 
must  also  be  given  to  the  levels  of  residual  radioactive  activity 
as  well  as  to  the  radiation  levels  outside  the  tunnel  enclosure. 
Since  this  is  an  internal  beam  dump  it  must  be  compatible 
with  the  tevatron  beam  tube  vacuum  requirements  and 
consideration  must  be  given  to  accident  conditions,  ie  what  if 
the  aborted  beam  goes  through  the  beam  pipe  in  the  absorber? 

The  design  chosen  for  the  absorber  mimics  the  already 
existing  TeV  abort  dump[l].  Figures  1  and  2  show  a  cross 
section  and  the  longitudinal  view  of  the  absorber.  Specifically 

t* - 12* - in 


Figure  1.  Cross  section  of  the  Absorber.  From  reference^]. 

there  is  350  cm  of  graphite  followed  by  75  cm  of  aluminum 
and  finally  25  cm  of  steel.  All  the  absorber  material  is  in  the 
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Figure  2.  Longitudinal  structure  of  the  Absorber.  From  RcfI2]. 

form  of  r  disks;  this  laminated  approach  minimizes  the 
chances  of  damage  due  to  instantaneous  thermal  effects.  Using 
the  MARS  10  Monte  Carlo  program  for  this  design  it  was 
determined  that  less  than  .002mJ/gram  of  energy  would  be 
deposited  in  the  coils  of  the  downstream  superconducting 
devices  at  ITev  and  S.3E12  particles[2].  Under  these  same 
beam  intensity  and  energy  conditions  the  maximum  energy 
deposited  in  the  graphite  was  determined  to  be  678 
Joules/gram[2].  This  leads  to  a  instantaneous  temperature  rise 
of  350  degrees  C  .well  within  the  limits  of  the  graphite .  To 
estimate  the  steady  state  temperature  the  following  1  hour 
cycle  was  used:  30  ISO  GeV  pulses  2  minutes  apart  and  one  1 
TeV  pulse.  Given  this  cycle  the  time  averaged  energy  deposited 
is  162  watts/meter  at  the  hottest  longitudinal  location.  From 
this  the  maximum  steady  state  temperature  is  found  to  be  116 
degrees  C  in  the  graphite  where  the  beam  hits[2].  The 
calculations  assumed  no  w^ter  cooling.  A  test  was  done  with  a 
short  module  having  the  same  cross  section  as  the  actual 
absorber.  A  heating  rod  was  placed  where  the  beam  would  go 
and  was  powered  using  a  transformer  such  that  162  watts^iieter 
of  power  was  dissipated  in  the  rod.  Thermocouples  were  placed 
in  the  graphite  (1.75  cm  from  the  heater),  in  the  Aluminum 
ColIar(  in  the  middle  of  the  collar)  and  at  several  locations  on 
the  iron  yoke  around  the  collar.  As  was  the  case  for  the 
calculations  there  was  no  water  cooling.  Figure  3  shows  the 
calculations  and  measurements. 

In  order  to  calculate  the  induced  radioactivity  on  the  surface 
of  the  assembly  a  MARS  10  calculation  was  done.  The  results 
indicated  that  the  levels  would  be  less  than  lOOmR  at  contact 
24  hours  after  beam  was  turned  off. 

Design 

The  absorber  consists  of  6  parts:  the  Aluminum  collar,  the 
disks,  the  beam  tube,  the  end  pieces,  radiation  shielding  and 
temperauire  instrumentation. 

The  Aluminum  collar  is  the  vessel  that  contains  the 
graphite,  aluminum  and  steel  disks  and  acts  as  a  heat  sink  to 
the  disks  (and  is  water  cooled).  The  end  pieces  mount  directly 
on  the  collar  making  a  vacuum  tight  seal  so  that  the  disks, 
especially  the  graphite ,  can  have  a  rough  vacuum  pulled  on  it. 
The  vacuum  is  maintained  via  a  rotary  pump.  There  are  two 


Calc 

A=97.90 

B=100.1 

C=102.3 

D=104.4 

E=106.6 

F=108.8 

G=110.9 

H=113.1 

1=115.3 

Meas. 

1=104 

2=89 

3=73 

4=69 

5=72 


Figure  3.  Calculated  and  measured  temperature  distribution  for 
the  steady  state  case.  All  temperatures  in  degrees  C. 

From  Refl2]. 

reasons  for  keeping  the  disks  in  vacuum;  fust  this  will 
minimize  the  loss  of  graphite  due  to  oxidation  which  occurs  at 
elevated  temperatures  and  second  by  removing  the  atmospheric 
pressure  the  forces  on  the  beam  tube  are  eliminated  so  that  if 
the  beam  hit  the  beam  pipe  the  resulting  heating  up  of  the 
beam  pipe  would  not  dmage  it  For  water  cooling  eight  1/2” 
grooves  are  cut*  in  the  collar  and  these  are  fitted  with  aluminum 
tubes  which  connect  to  the  LCW  system.  The  inside  surface  is 
machined  to  a  tolerance  of  1/64".  The  collar  is  180"  long,  has 
an  OD  of  7.47"  and  an  ID  of  5.56"  It  is  made  from  6061-T6 
aluminum. 

The  three  types  of  disks  all  share  a  common  design:  they 
are  1"  thick,  have  a  2.5"  diameter  hole  in  the  center  for  the 
beam  pipe  and  are  5.35"  in  diameter.  These  disks  are  not 
circular  but  have  the  flat  top.  This  area  is  used  to  mount  a 
spring  loaded  brass  bullet  which  provides  a  downward  force,  of 
magnitude  2  pounds,  on  the  disk  to  increase  the  contact 


971 


between  the  disk  and  the  collar.  This  provides  for  better  heat 
transfer  to  the  Aluminum  collar. 

The  beam  tube  is  made  of  6061-T6  aluminum  and  is  .049" 
thick.  The  reason  for  such  a  thin  beam  pipe  is  due  to  the  above 
mentioned  accident  condition  of  the  beam  hitting  the  beam 
pipe.  Under  worse  possible  conditions  it  is  predicted  that  the 
maximum  temperature  this  beam  pipe  could  reach  would  be 
311  degrees  C.  This  is  well  below  the  melting  point  and,  since 
there  is  no  atmospheric  pressure,  the  beam  tube  will  suffer  no 
deformation  (although  calculations  show  that  even  with 
atmospheric  pressure  deformation  would  not  occur  until  over 
400  degrees  C[4]).  Vacuum  in  the  beam  tube  should  be  better 
than  lE-9  Torr. 

The  end  pieces  are  used  to  make  the  seal  for  the  rough 
vacuum  in  the  absorber.  A  vacuum  of  lE-3  Torr  would  be 
quite  adequate.  0-Rings  made  of  ethylene-propylene  (for 
radiation  resistance)  are  used.  Each  end  piece  is  composed  of 
three  parts;  an  Aluminum  to  Stainless  transition  piece,  a  face 
plate  and  an  0-ring  collar.  The  aluminum  side  of  ^e  transition 
piece  is  welded  onto  the  aluminum  beam  pipe.  The  upstream 
transition  piece  also  has  a  "window"  machin^  out  of  it  for  the 
beam  to  go  through:  the  beam  only  sees  1  mil  of  aluminum. 
The  window  itself  is  .75"  wide  and  extends  in  a  circular  path 
15  degrees  to  either  side  of  the  center.  While  the  beam  tute  is 
2.5"  in  diameter  this  end  of  the  absorber  is  4.5"  in  diameter  in 
order  to  accommodate  both  circulating  and  aborted  beam.  The 
face  plate  bolts  directly  to  the  Aluminum  collar  and  contains 
an  0-ring  which  seals  to  the  collar  face.  The  0-ring  collar 
bolts  to  the  face  plate  and  has  one  0-ring  which  seals  around 
the  beam  pipe. 

The  radiation  shielding^s  composed  of  two  parts.  First  the 
absorber  is  placed  in  a  shortened  Tevatron  dipole  iron  yoke. 
Secondly  this  assembly  is  surrounded  by  steel  plates;  4"  thick 
plates  on  the  sides  and  2"  plates  on  top  and  bottom.  The  net 
result  is  that  there  will  be  5.25"  of  steel  on  the  sides  and  5.75" 
of  steel  on  the  top  and  bottom. 

In  order  to  insure  that  the  absorber  is  performing  as 
expected  temperature  readbacks  have  been  included.  To  monitor 
the  temperature  a  set  of  four  K  type  thermo-couples  will  be 
placed  at  various  points  along  the  absorber.  There  were  two 
criteria  for  placement:  first  they  should  be  placed  on  the 
bottom  near  shower  maxima  and  second  there  must  be  some 
way  to  get  the  thermocouple  in  contact  with  the  aluminum 
collar.  Since  the  absorber  is  encased  in  a  TeV  magnet  iron 
yoke  we  can  take  advantage  of  the  "smart  bolt"  holes  already  in 
the  iron,  and,  by  carefully  specifying  where  to  cut  the  iron, 
appropriate  holes  are  made  available.  To  mount  the 
thermocouples,  modified  TeV  "smart  bolts"  will  be  used  and 
the  thermocouple  will  be  spring  loaded  to  improve  thermal 
contact.  Readbacks  can  be  monitored  in  the  Control  Room  via 
a  system  identical  to  that  used  for  existing  equipment.  In 
addition  thermostats  will  be  placed  in  additional  "smart  boll" 
holes.  Their  purpose  will  be  to  inhibit  any  beam  injection  if 
the  temperature  goes  above  90  degrees  C. 

Construction  Problems 


The  construction  of  th)*ee  absorbers  (two  for  use  and  1 
spare)  proceeded  smoothly  taking  2  months  total  to  build  all  of 
them.  Only  two  problems  arose  daring  this  time.  The  first  was 
welding  the  upstream  transition  piece  to  the  thin  walled 
aluminum  beam  tube.  This  transition  piece  is  rather  large 
(7/8"  wide)  and  thus  massive  compared  to  the  wall  of  the  beam 
tube.  Indeed  at  first  we  experienced  a  great  deal  of  trouble 
making  this  aluminum  to  aluminum  joint  vacuum  tight.  Two 
changes  made  the  most  improvements:  1)  a  design  change  to 
include  a  1/8"  weld  relief  with  a  curvature  of  1/32"  and  2) 
cleaning  all  surfaces  and  welding  rods  with  a  solution  (Weld-0) 
containing  hydrofiouric  acid  immediately  before  welding.  We 
also  clamped  a  heat  sink  around  the  beam  tube.  After  these 
changes  no  further  welding  problems  occurred. 

The  second  problem  concerned  the  alignment  of  the  disks 
when  inserted  into  the  aluminum  collar.  Since  it  is  desirable  to 
have  the  best  possible  thermal  contact  to  the  collar  as  near  to 
where  the  beam  is  as  possible  it  is  important  that  the  force 
exerted  by  the  springs  exert  a  downward  force.  If  a  disk  was 
rotated  then  there  would  be  a  sideways  force  as  well  and  the 
location  of  best  thermal  contact  would  be  rotated  away  from 
where  the  beam  would  go.  In  order  to  keep  all  the  disks  in  the 
same  upright  orientation  we  used  a  single  thin  strip  of 
aluminum  (1/2"  wide  by  1/16"  thick)  that  ran  the  length  of  the 
aluminum  collar  as  a  guide.  The  brass  bullets  that  sit  on  top 
of  the  springs  would  follow  this  strip  thus  keeping  all  the 
disks  upright.  The  strips  were  held  in  place  via  counter  sunk 
screws  on  the  inside  of  the  collar.  Tension  was  maintained  on 
the  strip  during  installation  to  minimize  bowing  when 
inserting  the  disks.  Rotation  in  the  other  direction  is  prevented 
by  the  disks  themselves;  the  length  of  the  fiat  part  of  the  disk 
from  the  spring  to  either  edge  is  1/2"  so  the  strip  is  close  to 
touching  one  of  the  edges. 
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Ahitract 

The  kicker  units  for  iryection  and  ejection  at  the  new 
SSRL  Iigector  Synchrotron  are  built  from  two  kicker  mod¬ 
ules  driven  by  compact  in-air  delay  line  thyratron  pulsers. 
The  kickers  have  an  aperture  of  25  mm  x  60  mm.  The  in¬ 
jection  kicker  is  60  cm  long  (30  cm  each  module)  and  bends 
the  150  MeV  electron  beam  by  42  mrad  during  injection. 
The  extraction  kicker  module  is  120  cm  long  (60  cm  each 
module)  and  bends  the  3  GeV  beam  by  4  mrad  ior  extrac¬ 
tion.  The  pulsers  produce  current  pulses  in  the  order  of 
900  A  with  a  fall  time  of  200  nsec  for  injection,  a  rise  time 
of  260  nsec  for  extraction  and  a  pulse  length  (rise  plus  flat 
top  time)  of  400  nsec. 

I.  Introduction 

SSRLf  the  Stanford  Synchrotron  Radiation  Laborato¬ 
ry  successfully  commissioned  a  new  injector  for  the  SPEAR 
electron  storage  ring  in  Summer  and  Fall  of  1990[1]. 

SPEAR  originally  built  as  an  electron-positron  storage 
ring  for  high  energy  physics  collider  experiments  by  SLAC, 
has  been  used  during  the  last  15  years  parasitically  as  well 
as  in  dedicated  operation  for  synchrotron  radiation  exper¬ 
iments.  SPEAR  was  handed  over  to  SSRL  in  October  1990 
after  the  high  energy  physics  program  was  terminated. 


The  new  injector  includes  a  2  MeV  thermionic  RF  gun, 
a  150  MeV  electron  linac  and  a  3  GeV  booster  synchrotron 
with  a  445  nsec  revolution  time.  The  main  magnets 
(Dipoles  and  Quadrupoles)  are  operated  in  a  White  cir¬ 
cuit  configuration  at  a  10  Hr  repetition  rate  [2]. 

Iryection  as  well  as  ejection  is  done  by  a  combination 
of  a  single  kicker  unit  and  a  septum  magnet,  because  the 
booster  is  designed  to  accelerate  either  a  single  bunch  or 
bunch  trains  cf  a  length  of  up  to  half  the  circumference  of 
the  booster.  In  the  single  bunch  mode  the  bunch  will  be 
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created  by  filling  3  or  more  linac  bunches  into  one  booster 
bucket  in  one  shot. 

Fig.  1  gives  a  rough  layout  of  the  site  and  shows  the 
location  of  the  injection  and  ejection  kickers. 


Figure  2 

Schematic  of  the  Injection  Kicker 

The  injection  kicker  has  to  change  the  path  of  a  train 
of  three  or  more  S-band  bunches  (2.856  GHz),  that  are 
singled  out  by  a  chopper  from  the  bunch  train  out  the  gun 
[3],  by  42  mrad  at  150  MeV. 

The  ejection  kicker  has  to  bend  one  3  GeV  bunch  by 
about  4  mrad. 

The  triggers  for  the  kickers  are  prepared,  based  on  a 
biased  peaking  strip  in  a  booster  magnet,  by  a  timing  and 
trigger  system  that  provides  phase  coupling  to  the  White 
circuit  as  well  as  to  the  phase  of  the  selected  SPEAR  RF 
bucket  [4]. 

Tab.  1  lists  the  basic  parameters  of  a  kicker  module. 


Table  1 

Parameters  of  a  Kicker  Magnet 


Length  (Inj.) 

300 

min 

Length  (Ej.) 

600 

mm 

Gap  Height 

25 

mm 

Gap  Width 

60 

nun 

Conductor  Thickness 

60 

mm 

Required  Kick  Angle  (Inj.) 

42 

mrad 

Required  Kick  Angle  (Ej.) 

4 

mrad 

II.  Magnets 

The  injection  and  ejection  kicker  modules  each  are  made 
of  two  submodules  (kicker  magnets).  Each  kicker  magnet 
is  made  from  ferrite  blocks,  that  form  an  H-frame  around 
a  copper  winding.  The  assembly  is  held  in  place  by  an 
aluminum  support  structure  and  located  in  stainless  steel 
vacuum  tanks.  Fig.  2  shows  the  layout  of  a  ferrite  magnet. 
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The  ejection  kicker  magnets  have  double  the  length  of  the 
iiyection  kicker  magnets  but  are  of  the  same  design.  The 
ferrite  blocks  are  of  CMD5005  material  (from  Ceramic 
Magnetics),  which  is  a  high  n  NiZn  ferrite. 

III.  Pulse  Generator 

A,  Circuit  Description 

Each  submodule  of  each  kicker  (injection  as  well  as  ejec¬ 
tion)  is  pulsed  independently  from  a  'Delay  Line  Pulser* 
as  shown  in  fig.  3.  The  two  submodules,  forming  one  kick¬ 
er,  are  triggered  simultaneously  and  they  are  charged  from 
the  same  HV  power  supply.  The  Pulse  Forming  Network 
(PFN)  and  a  peaking  capacitor  is  charged  by  the  HV  DC 
power  supply,  capable  of  up  to  30  kV,  via  a  470  kO  charg¬ 
ing  resistor.  The  PFN  is  made  of  two  50  fl  coaxial  cables 


R 

C 


Figure  3 

Circuit  Diagram  of  the  Injection  Kicker  Pulse  Generator 
with  the  center  conductors  and  the  shields,  respectively,  of 
the  four  ends  connected  to  each  other.  Each  PFN  cable  is 
80  m  in  length  to  produce  a  400  nsec  lasting  current  pulse. 
The  kicker  pulse  is  initiated  by  a  trigger  to  the  EG&G 
#LS-4101  Hydrogen  Thyratron.  Most  of  the  PFN  charge 
is  absorbed  by  the  12.5  0  load  resistor  that  is  ui  series  to 
the  kicker  magnet.  Part  of  the  pulse  is  reflected  back  into 
the  PFN.  The  current  Ik  through  the  kicker  and  the  load 
resistor  is  described  by 


d^lK 

dt* 


+  2(3^+u>IIk  = 


2V+ 

LkCpZq 


with  =  i(M  +  and  u;*  =  j^[l  +  |^).  The 
forward  voltage  V+  is  either  half  the  charging  voltage  Vo 
during  the  rise  time  and  the  pulse  top  duration  or,  dur¬ 
ing  fall  time,  the  voltage  that  had  been  reflected  during 
the  rise  time  of  the  pulse.  We  are  operating  with  a  load 
resistor  impedance  Rk,  that  matches  the  PFN  character¬ 
istic  impedance,  Zq,  i.e.  Rk  =  Zo-  The  capacitance  of  the 
peaking  capacitor  can  be  expressed  as  Cp  =  LK/(RKf). 
For  critical  damping  one  gets  a  value  for  the  factor  f  of 
5.82.  To  achieve  the  smallest  variation  in  current  at  the 
top  of  the  pulse  one  needs  to  work  slightly  above  critical 
damping,  i.e.  a  smaller  value  of  f.  The  risetime,  for  an 


increase  in  amplitude  from  0-95%,  approximately  3//3  is 
then  given  by  r  =  6Lk/(Rk[1  +  f])- 

This  circuit  provides  a  rapid  rise  time  and  a  fairly  fast 
fall  time.  The  fall  time  is  longer  than  the  risetime  because 
it  is  driven  by  the  reflected  pulse  that  is  decaying  toward 
zero  volts.  The  fall  time  could  be  be  shorted  by  removing 
the  load  resistor  Rl  as  done  by  Gabor  et  al.  [5).  The  de¬ 
cay  of  the  pulse  amplitude  is  then  driven  by  the  reflected 
voltage  going  toward  -Vq.  The  pulse  is  shut  off  by  the 
thyratron  when  the  current  is  going  to  become  negative. 
With  such  a  circuit  modification  rise  and  fall  time  would 
be  approximately  equal.  With  critical  damping  the  rise¬ 
time  would  be  about  60  %  larger  than  that  in  the  unmodi¬ 
fied  circuit  (f  =  4.0)  Disadvantages  of  that  circuit  are  high 
negative  voltage  amplitudes  in  the  PFN  cables  as  well  as 
high  reversed  voltages  across  the  thyratron  tube,  possibly 
lowering  the  life  time  of  these  components. 

Fig.  3  also  shows  an  option  to  put  an  RC  combination 
across  the  kicker  magnet  and  the  load  resistor.  This  helps 
to  filter  higher  frequency  components  from  the  kicker  pulse 
and  to  lower  reverse  voltages  across  the  thyratron.  It  caus¬ 
es  a  deterioration  of  the  current  pulse,  though.  Tab.  2  lists 
the  basic  parameters  of  a  pulse  generator.  The  ejection  pa¬ 
rameters  are  refer  to  the  circuit  with  the  RC  compensation 
included. 


Table  2 

Parameters  of  the  Pulse  Generator 


Repetition  Rate 

10 

Hz 

Iryection 

PFN  Voltage  150  MeV 

20.9 

kV 

Dat-Top  Top  Current 

836 

A 

Rise  Time  (5%  to  95%) 

120 

nsec 

Flat-Top  Duration 

260 

nsec 

Fall-Time  (95%  to  5%) 

200 

nsec 

Ejection 

PFN  Voltage  3.0  GeV 

20.1 

kV 

Flat-Top  Top  Current 

804 

A 

Rise  Time  (5%  to  95%) 

260 

nsec 

Flat-Top  Duration 

190 

nsec 

FaU-Time  (95%  to  5%) 

300 

nsec 

B.  Thyratron  Auxiliary  Supplies 

The  cathode  as  well  as  the  anode  of  the  thyratron  are 
at  a  potential  difference  of  Vo/2  against  ground  for  the 
duration  of  the  kicker  pulse.  The  auxiliary  voltages  and 
control  signals  have  to  be  supplied  while  keeping  the  an¬ 
ode  and  grid  potentials  separated  from  ground  potential. 
In  this  case  all  signals  required  to  operate  the  thyratron 
(i.e.  cathode  heater  current,  reservoir  heater  current,  grid 
bias  and  trigger  voltages  as  well  as  auxiliary  grid  voltage) 
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are  generated  by  a  commercial  device  from  Impulse  En- 
OINBERINO  Inc.  operating  at  ground  potential.  The  po¬ 
tential  separation  during  the  duration  of  the  pulse  is  done 
by  magnetization  of  a  ring  ferrite  in  the  following  way: 
The  cables  required  for  the  transmission  of  the  auxiliary 
voltages  as  well  as  diagnostic  cables  from  the  thyratron  to 
ground  potential  are  shielded  with  a  metal  grid  hose,  car¬ 
rying  the  return  current,  and  are  coiled  around  a  ferrite 
ring  with  cross  section  A  in  N  windings.  The  assembly  is 
designed  that  the  integrated  voltage  drop  across  the  coil 
during  the  kicker  pulse  increases  the  magnetic  flux  densi¬ 
ty  in  the  ferrite  rings  from  negative  to  positive  saturation; 
JVdt  =  NA  /  dB  =  NA(Bbnd  —  Bstart).  Thus  posing 
a  large  resistance  to  the  pulse  current.  [6].  The  ferrite  is 
biased  with  a  negative  magnetic  fleld  to  achieve  the  largest 
effect  and  potted  to  improve  its  high  voltage  capability. 

IV.  Performance 

A  prototype  of  the  injection  kicker  pulser  has  been  inten¬ 
sively  tested  and  optimized  in  1989.  Work  was  done  in  par¬ 
ticular  to  optimize  the  shielding  of  the  RF  noise  and  to  im¬ 
prove  the  high  voltage  capability  of  the  compact  pulser  en¬ 
closure.  Fig.  4  gives  the  form  of  the  current  pulse  as  sensed 


Figure  4 

Current  and  d(^/dt  Pulse  of  the  Injection  Kicker 


with  a  current  transformer.  The  scale  is  100  nsec/div  and 
100  A/div  for  the  horizontal  and  vertical  axis,  respectively. 
The  pulse  height  of  600  A  corresponds  to  about  15  kV  PFN 
voltage.  The  pube  has  been  produced  by  100  m  long  PFN 
cables.  The  separation  of  the  cathode  voltage  from  ground 
works  very  well.  The  injection  kicker  has  routinely  been 
operated  since  the  beginning  of  the  booster  commission¬ 
ing  in  July  1990.  Routine  operation  of  the  ejection  kicker 
started  in  October  1990.  The  performance  of  the  kickers 
is  very  satisfying.  The  injection  efficiency  into  the  booster 
often  exceeds  80  to  90  %.  With  optimal  settings  of  the 
booster  correctors  the  intensity  doesn’t  drop  significantly 
in  the  first  revolution.  This  indicates  that  kicks  caused  by 
the  reflected  pulse  current  ate  small  enough  to  keep  the 
injected  beam  within  the  vacuum  aperture.  The  electro¬ 
magnetic  noise  generated  by  the  kickers  during  the  pulse 


reduces  the  sensitivity  of  the  transport  line  beam  position 
monitors  that  are  located  closely  to  the  kickers.  Fig.  4  also 
shows  the  d<j>/dt  signal  measured  with  a  one  loop  coil  in 
the  gap  of  the  kicker  magnet.  Fig.  5  shows  the  gap  field 
vs.  time  (i.e.  the  integrated  d<j)/dt,  normalized  to  the  coil 
area). 


Figure  5  1  |(X«C| 

Magnetic  Field  Measurement  in  the  Gap  of  the  Injection 
Kicker 
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Abstract 

A  pulsed,  split-parallel  plate  chopper  has  been  designed, 
built,  and  installed  as  part  of  the  preinjector  of  the  SSRL 
Injector.  Its  function  is  to  allow  into  the  linear  accelera¬ 
tor  three  consecutive  S-band  bunches  from  the  long  bunch 
train  provided  by  a  RF  gun.  A  permanent  magnet  deflec¬ 
tor  (PMD)  at  the  chopper  entrance  deflects  the  beam  into 
an  absorber  when  the  chopper  pulse  is  off.  The  beam  is 
swept  across  a  pair  of  slits  at  the  beam  output  end  when  a 
7  kV,  10-ns  rise-time  pulse  passes  in  the  opposite  direction 
through  the  75  f2  stripline  formed  by  the  deflecting  plates. 
Bunches  exiting  the  slits  have  their  trajectories  corrected 
by  another  PMD,  and  enter  the  linac.  Beam  tests  demon¬ 
strate  that  the  chopper  functions  as  expected. 

I.  Introduction 

The  SSRL  Injector(l,2]  is  unusual  in  that  it  uses  a  mi¬ 
crowave  or  RF  electron  gun[3]  rather  than  a  conventional 
DC  gun.  Details  of  the  gun  and  the  gun-to-linac  transport 
are  reported  elsewhere[4,5,6].  For  the  present,  we  simply 
review  some  of  the  main  features. 

The  RF  gun  was  designed  in  collaboration  between 
SSRL,  Varian  Associates,  and  AET  associates,  and  con¬ 
sists  of  a  thermionic  cathode  mounted  in  the  first  half-cell 
of  a  1  5  cell  side-coupled,  velocity-of-light  standing  wave 
cavity.  Because  the  cathode  is  thermionic,  a  beam  is  pro¬ 
duced  as  long  as  RF  is  supplied  to  the  gun  (after  the  cavity 
fields  have  built  up  sufficiently).  The  average  beam  mo¬ 
mentum  is  typically  2  MeV/c. 

The  RF  frequency  of  the  gun  is  2856  MIIz,  while  that 
of  the  booster  accelerating  cavity  is  358.54  MHz.  Three  to 
five  RF  gun  bunches  can  be  captured  in  any  RF  bucket  of 
the  booster.  One  potential  operating  mode  is  to  fill  many 
consecutive  booster  buckets  with  three  gun  bunches  each. 
These  bunches  would  then  be  accelerated  together  in  the 
booster  and  injected  into  SPEAR  in  a  train,  filling  the 
same  number  of  consecutive  buckets  in  the  storage  ring. 
Such  an  approach  is  more  complicated  than  filling  a  single 
booster  bucket  with  three  bunches.  In  addition,-  if  one  fills 
only  one  booster  bucket,  one  can  obtain  arbitrary  filling 
patterns  in  SPEAR  by  filling  different  booster  RF  buckets 

‘Work  supported  by  the  Depditineut  of  Eiieigy  ooutiact  DE 
AC03-76SF005I5,  and  the  Office  of  Basic  Energy  Sciences,  Division 
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Figure  1.  Side  view  of  the  chopper. 

on  different  booster  cycles.  Hence,  it  was  decided  to  design 
a  chopper  that  would  fill  only  a  single  booster  RF  bucket 
per  booster  cycle. 

Following  the  gun  is  the  gun-to-linac  (GTL)  transport 
line,  which  consists  of  five  quadrupoles,  steering  magnets, 
an  alpha-magnet[6,7],  diagnositic  instrumentation,  and  the 
chopper.  A  diagram  of  the  GTL  appears  in  another  pa¬ 
per  in  these  preceedings  (see  Fig.  1  of  [2]).  The  combined 
optics  of  the  quadrupoles  and  alpha-magnet  is  required  to 
produce  sufficiently  small  vertical  beam  sizes  at  the  end 
of  the  chopper  for  proper  chopper  operation,  while  simul¬ 
taneously  fitting  the  transverse  phase  space  for  both  the 
horizontal  (x)  and  vertical  (y)  planes  into  the  acceptance 
of  the  first  linear  accelerator  section. 


II.  Principle  of  Operation 

The  RF  pulse  is  w  2  /is  long  and  the  gun  charging  time 
constant  is  w  0.3  /is,  so  that  the  gun  emits  «  5000  bunches 
per  RF  pulse.  Since  only  about  three  of  these  bunches  are 
to  be  used,  the  beam  hits  an  absorber  until  it  is  time  to  kick 
the  beam  into  the  linac.  As  seen  in  Fig.  1,  the  chopper  in¬ 
corporates  two  permanent-magnet  deflectors  (PMDs),  one 
before  and  one  after  the  pulsed  portion  of  the  chopper.  The 
pulsed  element  in  the  chopper  is  a  split  parallel  plate  trans¬ 
mission  line  enclosed  in  a  evacuated  cylindrical  pipe.  The 
deflection  caused  by  the  first  PMD  results  in  the  beam  hit¬ 
ting  the  water-cooled,  copper,  downstream  end  wall  of  the 
chopper  tank.  It  can  easily  be  seen  that  the  Lorentz  forces 
on  a  relativistic  beam,  due  to  transverse  electric  and  mag¬ 
netic  fields  of  a  TEM  wave,  cancel  if  the  wave  and  beam 
travel  in  the  same  direction  and  add  if  in  opposite  direc¬ 
tions.  I'herefore,  when  the  chopper  is  pulsed  at  the  desired 
time,  the  sleep,  nearly  linear,  rising  edge  of  a  pulsed  TEM 
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Figure  2.  Beam  bunch  trajectories  through  the  chopper.  Path 
“A”  is  ss  1.3  ns  into  the  pulse,  when  the  pulse  has  filled  the 
stripline.  Subsequent  paths  are  350  ps  apart  until  the  7  kV 
pulse  peak  is  reached  after  »  a  10  ns  risetime. 


wave  is  launched  upstream  on  the  stripline-like  structure 
and  causes  the  beam  to  be  swept  across  an  opening  in  the 
absorber.  The  choice  of  a  40  cm  long,  75  0.  stripline  allowed 
the  pulser  voltage,  its  rise  time,  which  is  less  for  a  larger 
impedance,  and  the  alpha  magnet  to  linac  distance  to  be 
kept  reasonable.  Those  bunches  that  pass  through  the 
9.5  mm  opening  in  the  absorber  are  deflected  by  the  sec¬ 
ond  PMD  so  that  they  are  traveling  with  nearly  zero  slope, 
but  still  continue  to  diverge  slightly.  Further  filtration  of 
these  bunches  occurs  at  the  4  mm  slit  just  before  the  first 
linac  cell.  The  vertical,  angular  divergence  of  the  bunches 
is  partially  taken  care  of  by  longitudinal  acceleration  and 
quadrupole  focussing  in  the  linac,  all  of  which,  when  taken 
together,  determine  the  acceptance  of  the  linac.  Further¬ 
more,  it  can  be  shown  that  the  vertical  separation,  x,  of 
the  bunches  at  the  output  end  of  the  plates  is  given  ap¬ 
proximately  (with  a  few  fudge  factors  and  constants  left 
out  here  and  there)  by  x  a  Vq  1^(1  +  /?)/(«/  fo  <r  Pj),  where 
Vo  is  the  peak  voltage  of  the  pulse,  I  is  the  plate  length, 
/?  is  the  normalized  relativistic  velocity  of  the  beam  and 
comes  from  the  magnetic  field  contribution,  g  is  the  plate 
gap  spacing,  /o  is  the  microwave  frequency  that  determines 
the  bunch  spacing,  tr  is  the  pulse’s  linear  risetime  from  0 
to  V'o  and  is  the  longitudinal  momentum  of  the  beam 
These  points  are  illustrated  in  Fig.  2. 

Experimental  confirmation  that  the  chopper  works  as 
planned  has  been  obtained  by  viewing  the  beam  on  a  phos¬ 
phorescent  screen  at  the  end  of  the  linear  accelerator.  With 
appropriate  adjustment  of  the  optics,  the  bunches  can  be 
dispersed  vertically  on  the  screen,  rather  than  focussed  as 
usual.  Depending  on  conditions  such  as  the  beam  energy 
from  the  gun  and  tuning  of  the  GTL  optics,  three  to  five 
dominant  bunches  are  seen,  as  shown  in  Fig.  4,  with  sev¬ 
eral  very  low  intensity  bunches  before  and  after.  This  is 


Figure  3.  Cross  section  of  the  chopper  tank  showing  the  parted 
stripline  and  the  electric  field  equipotential  lines.  Note  that 
the  field  is  less  in  the  midplane  than  between  the  plates.  The 
plates  are  split  in  order  to  lessen  interception  by  the  vertically 
sweeped  beam.  The  lower  plate  is  grounded  at  each  end.  The 
beam  centerline  (before  and  after  the  chopper  and  its  deflection 
magnets),  is  3.18  cm  below  the  tank  centerline.  The  striplinc 
centerline  is  3.43  cm  below  the  tank  centerline  and  the  stripline 
plate  spacing  is  1.84  cm. 
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Figure  4.  Three  plus  bunches  at  the  end  of  the  linac  as  the 
chopper  culls  them  from  the  output  the  microwave  gun. 

in  good  qualitative  agreement  with  simulations  done  using 
the  tracking  program  ©legant[8]. 

III.  Design  of  the  Stripline  and  Tank 

An  electrostatic  analog  and  the  program  estat  were 
used,  instead  of  such  a  standard  code  as  Poisson[9],  to 
solve  Laplace’s  equation  in  two  dimensions  for  a  TEM 
mode  on  the  stripline  in  the  chopper  lank.  Time  domain 
reflectometry  was  used  to  verify  that  the  itnpedance  of  the 
finished  stripline  in  the  task  is  indeed  750.  Figure  3  shows 
a  cross-sectional  view  of  the  chopper  tank  and  plates,  along 
with  equipotential  lines  for  the  electric  field. 

The  upper  plate  is  b»nt  upwards  by  90“  at  each  end, 
continuing  the  transmission  line  with  the  end  walls  of  the 
chopper  serving  as  the  ground  plane.  This  continues  until 
just  before  the  plate  joins  to  the  feedthroughs,  so  that 
impedance  mismatches  are  avoided  The  feedthrough  on 
the  upstream  end  of  the  chopper  tank  is  terminated  b>  a 
column  of  resistors  with  a  total  resistance  of  750. 

The  column  consists  of  eight  in-serh  groups  of  six,  50  0, 
2W,  carbon  resistors  in  parallel,  roughly  forming  a  cylin 
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Figure  5.  Simplified  circuit  of  the  pulser,  stripline  chopper  and 
75  Q  Load 

der  or  tube.  Around  this  column  is  a  hollow  aluminum 
cylinder  that  is  grounded  to  the  chopper  tank  at  the  bot¬ 
tom,  and  connected  at  the  top  by  a  metal  disk  to  the  end  of 
the  resistive  column.  The  inside  diameter  of  the  aluminum 
cylinder  and  the  diameter  of  the  resistive  column  are  such 
as  to  form  a  coaxial  transmission  line  with  an  impedance 
of  roughly  75  Q.  A  small  resistor  inserted  near  ground  in 
the  resistive  column  provides  a  1:1000  signal  that  can  be 
viewed  on  an  oscilloscope. 

IV.  Design  of  the  MOSFET  Pulser 

The  pulser  was  designed  and  built  by  American  Con¬ 
trol  Engineering.  It  consists,  as  shown  in  Fig.  5,  of  a  0  to 
7  kV  variable  voltage  power  supply,  a  high  voltage  stor¬ 
age  capacitor  and  a  fast  MOSFET  switch.  The  latter  is 
the  heart  of  the  pulser  and  consists  of  a  gate  driver  cir¬ 
cuit  and  ten  paralleled  strings  of  twenty  power  MOSFET 
packages  in  series.  The  switch  is  used  to  generate  a  fast 
risetime  (10  ns),  short  (1.7 /rs),  capacitive-discharge  pulse 
that  passes  through  the  750  chopper  tank  to  its  750  load. 

The  MOSFET’s  fast  and  relatively  clean  on  and  off 
power  switching  capability  is  the  result  of  significate  ad¬ 
vances  in  technology  since  its  introduction  in  1975.  Basi¬ 
cally,  a  power  MOSFET  uses  VLSI  technology  to  get  up 
to  3  X  10®/cm^  selfblocking,  field-effect  transistors  on  a  die 
with  a  gate,  a  source  and  a  drain  connection  to  the  out¬ 
side  of  a  typical  TO-220  package.  If  a  voltage  is  applied 
between  the  gate  and  the  source,  the  drain  to  source  resis¬ 
tance  drops  dramatically.  When  this  voltage  is  removed, 
the  resistance  increases  equally  quickly,  typically  in  ss  2  to 
4  ns  at  the  chip  level,  since  there  is  no  storage  time  due 
to  minority  carriers  as  in  conventional  bipolar  transistors. 
The  turn-on  speed  is  affected  by  the  gate  to  source  capac¬ 
itance  as  well  as  by  the  smaller  drain  to  gate  capacitance. 
The  latter  is  multiplied  by  an  effect  akin  to  the  Miller  ef¬ 
fect;  thus,  for  fast  turn-on  the  gate  drive  source  impedance 
must  be  low.  As  always  with  fast  and  especially  high  power 
switching  circuits  considerable  care  must  be  taken  in  the 
detailed  circuit  design  and  packaging.  For  this  pulser 


proprietary  topology  plus  carefully  selected  and  matched 
components  provide  for  uniform  current  sharing  among  the 
individual  parallel  MOSFET  devices,  both  during  turn-on 
and  turn-off  as  well  as  during  the  switching  process.  Spu¬ 
rious  oscillations  of  the  MOSFET  devices  are  eliminated 
by  a  combination  of  series  gate  resistances  and  Q  spoil¬ 
ing  ferrite  beads  surrounding  each  of  the  gate  connection 
leads. 

Voltage  grading  of  the  series  connected  stages  is  required 
in  order  to  ensure  that  the  voltage  rating  of  eacli  of  the  in¬ 
dividual  stages  is  not  exceeded  when  the  switch  is  off.  This 
grading  is  provided  by  high  speed  zener  diodes  that  are 
connected  in  parallel  with  the  MOSFET  devices.  These 
diodes  also  absorb  the  energy  that  has  been  stored  in  the 
switch  assembly  inductance  during  the  turn-on  time  and 
is  released  during  the  turn-off  process.  The  design  is  such 
that  one  or  two  failed  stages  will  not  generally  cause  un¬ 
satisfactory  operation  of  the  switch  stack,  provided  that 
the  diminished  voltage  rating  is  not  exceeded. 

Typical  individual  power  MOSFET  devices  can  operate 
at  50  to  1000  V  and  switch  1  to  100  A  in  5  to  10  ns  at 
megahertz  rates  with  0.01  to  1.50  turned-on  resistances. 
They  are  very  rugged  and  reliable  and  can  be  seriesed  and 
paralleled  as  was  done  in  this  case.  This  unit  has  operated 
reliably  and  well  for  nearly  a  year  in  spite  of  some  customer 
supplied  cable  connection  arcing  problems. 
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Abstract  DBFLRCTOR  GROMBTRT 


An  electrostatic  deflector  Is  used  to  extract 
heavy-lon  beaas  froa  the  Chalk  River  superconducting 
cyclotron.  Deflector  voltagas  up  to  100  kV  across  a 
7  aa  gap  (1A3  kV/ca)  are  needed  to  extract  the  full 
range  of  beaas  that  the  cyclotron  la  designed  to 
accelerate.  This  goal  renalns  a  challenge,  but 
substantial  progress  has  been  made  over  the  past 
year.  Voltages  over  90  kV  have  been  reliably 
aalntalned  over  a  7.S  an  gap  vith  a  aagnetlc  field  of 
3  T.  Voltages  of  74  kV  have  been  used  vith  a  reduced 
gap  of  4.75  m  (corresponding  to  a  field  greater  than 
ISO  kV/ea)  to  extract  beaas  vith  aagnetlc  fields  up 
to  4.25  T.  Major  progress  vas  achieved  vhtn  ve 
Introduced  a  vater-cooled,  negative  hlgh*vojtage 
electrode,  and  changed  the  aparklng  plates  an'i  the 
thin  septus  froa  aolybdenua  to  stainless  steel. 
Efforts  are  continuing  to  attain  a  field  of  at  least 
143  kV/ca  over  a  gap  of  at  least  6  aa  vldth. 

INTRODUCTION 

The  electrostatic  deflector  is  the  first 
extraction  eleaent  in  the  Chalk  River  aupereonductlng 
cyclotron.  The  deflector  Is  aounted  In  a  dee  and  the 
high  voltage  is  fed  dovn  the  center  of  the  dee  stea. 
Tvo  Insulators,  aounted  above  the  aldplane,  support 
the  hlgh'Voltage  electrode.  Details  of  Insulator 
design  are  given  In  another  paper  at  this 
conference^.  The  design  goal  for  the  deflector  vas 
100  kV  over  a  gap  of  7  aa,  corresponding  to  an 
electric  field  of  143  kV/ea.  The  cyclotron  operates 
over  a  range  of  aagnetlc  fields  froa  2.5  to  5  T,  and 
at  r.f.  frequencies  froa  30  to  60  MBs.  Residual 
radiofrequency  fields  can  heat  the  deflector  to 
teaperatures  above  200  *C.  These  harsh  operating 
conditions  have  aade  it  very  challenging  to  reach  the 
design  goal.  Bovever,  electric  fields  of  up  to  155 
kV/ca  over  a  reduced  gap  of  4.75  aa  have  been 
attained.  The  saaller  gap  reduces  the  extraction 
efficency  by  up  to  30  X,  depending  on  the  Ion  beaa. 
Bovever,  ve  have  reliably  extracted  carbon  at  50 
NeV/aau  and  Iodine  at  19  MeV/aau,  beaas  near  the 
upper  Halt  of  the  aass-energy  dlagraa  of  the  Chalk 
River  superconducting  cyclotron. 


The  deflector  geoaetry  has  been  described  In 
detail*'*  previously.  Tvo  laportant  changes  have 
been  aade  since  then.  Overheating  vas  Identified*  as 
a  serious  problea.  Ve  consequently  vater-cooled  as 
aany  grounded  parts  of  the  deflector  as  reasonably 
attainable.  Including  the  lover  septua  support  and 
the  Inaulator  housing.  Bovever,  experlaents  on  a 
test  stand*  aboved  that  cathode  heating  vas  the  aost 
laportant  Issue.  Subsequently  ve  designed  a  nav 
vater-cooled  high-voltage  electrode.  Figure  1  ahovs 
the  details.  The  high  voltage  Is  provld^  by  a  cable 
(A)  fad  dovn  the  upper  dee  stea*.  Inside  a  13  an 
dlaaeter  copper  tube.  Bigh-purlty  (about  16  HQ-ca) 
vater  Is  circulated  betveen  the  high-voltage  cable 
and  a  thin  teflon  tube  (B),  and  returned  betveen  the 
teflon  tube  and  the  copper  tube.  The  high-voltage 
cable  la  temlnated  vith  a  stainless-steel  heaisphere 

(C) .  A  2  ca  vater  coluan  provides  a  30  HQ  series 
resistor  betveen  the  high-voltage  electrode  and  the 
cable.  The  teflon  tube  Is  Inserted  froa  the  top  of 
the  cyclotron  and  aated  vith  a  tapered  end  fitting 

(D)  that  Is  part  of  the  high-voltage  electrode.  The 
vater  passes  through  four  snail  holes  in  this  fitting 
Into  a  3.2  aa  I.D.  copper  tube  (R)  that  provides  the 
feed  vater  to  the  the  high-voltage  electrode  (F). 
The  copper  tube  Joins  the  stainless-steel  body  of  the 
deflector  electrode  In  a  friction  fitting.  The 
return  flov  is  froa  the  upper  vater  channel  (G)  Into 
the  11  aa  I.D.  stainless-steel  tube  (B)  that  foras 
the  outer  part  of  the  coaxial  vater  feed.  Thla  tube 
Is  velded  to  the  blgb-voltage  electrode  (I)  and  to 
the  threaded  fitting  (J). 

The  vater  channels  In  the  high-voltage  electrode 
vere  aachlned  Into  the  stainless-steel  electrode 
body,  and  a  1  aa  plate  vas  velded  over  it.  The 
electrode  vas  then  aachlned  on  top  and  bottoa  to 
produce  the  basic  outer  profile  (7.9  aa  radius)  and 
rolled  to  the  radius  that  natches  the  extraction 
radius  of  the  cyclotron.  The  connections  to  the 
vater-cooled  support  vers  aachlned  after  the  rolling 
process  to  avoid  distortion. 

The  feed  Insulator  (K)  Is  aade  froa  aachlnable 
ceraalc  (Nacor)  or  alualna.  A  teflon  lining  (L)  Is 
epoxied  Inside  the  ceraalc  Insulator* ,  and  a  saoothly 
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contoured  stninlMs-fteel  fitting  (H)  !•  enpturad  by 
*  *^**'f*  the  teflon  before  the  epoxy  Joint  ia 
■aae.  Ve  eount  the  inaulator  inalde  the  upper  dee 
•no  Inatell  the  high-voltage  eleetrede  by  eeklng  the 
ejection  between  (J)  ud  (L)  with  the  fitting  (M), 
through  rcHoveable  acceaa  porta  in  the  bottoa  of  the 
upper  dee.  An  o-ring  (H)  nakea  the  voter- to-vacuun 
OMl.  Detaila  of  the  aeptun  (0)  aounting  have  been 
given  in  previoua  papera^'*. 

d  aecond  iaportant  change  haa  evolved  aa  a  reault 
of  our  efforta  in  teating  aateriala  for  high-voltage 
propertiea  .  Teata  uaing  nolybdenun  aheet  aa  an 
anode  ahoved  aevere  degradation  in  voltage  atandoff 
after  a  apark  at  high  electric  fielda.  Snail  flakea 
of  nolybdenun  vere  identified  on  the  cathode  after 
theae  teata.  Theae  flakea  likely  becone  new 
electron-enlaalon  altea.  Stainleaa  ateel  perforned 
nuM  Mtter  in  the  aane  aeriea  of  teata  and  haa  been 
uaed  for  both  the  aparklng  platea  and  the  aeptun  for 
the  laat  6  nontha. 

DBFUCTOR  mPORMAMa 

A  previoua  paper*  deacribea  the  electrical 
circuit  of  the  deflector,  including  detaila  of  the 
water  colunn  that  provldea  about  30  NO  aeriea 
reaiatance  at  the  high-voltage  electrode.  A  linear 
voltage-current  relationahip  la  obaerved  at  low 
electric  fielda.  Thia  la  a  neaaure  of  the  total 
aeriea  reaiatance,  fron  a  fixed  aurge  rcalator  of  31 
HQ  on  top  of  the  cyclotron,  the  water  colunn  of  about 
30  HD  and  the  returning  water  annulua,  which 
typically  haa  a  reaiatance  of  about  7S0  HQ.  At  high 
electric  field,  the  leakage  currant,  believed  to  be 
fron  lield  |nltted  flectrona  (FIl),  Increaaea  nore 
than  linearly.  The  Ml  currant  ia  obaarved  to 
increaae  exponentially  with  the  electric  field  and  it 
heata  the  anode  aurface  locally  where  it  hita.  At 
aone  level,  a  diacharge  will  occur  accroaa  the  gap. 
Such  a  apark  can  either  reduce  the  m  current  if  it 
conditlona  the  enltting  aite,  produce  no  neaaureable 
change,  or  it  can  aeverly  degrade  the  high-voltage 
perfomance  of  the  gap.  The  atrong  nagnetic  field  of 
the  auperconducting  cyclotron  directa  the  electrona 
vertically  to  the  aparklng  platea  above  and  below  the 
high-voltage  electrode  and  focuaea  then  to  auch 
analler  apota  than  electroatatic  focualng  alone  would 
do.  Aa  an  exanple,  70  keV  electrona  have  a 
gyroradiua  of  only  0.18  an  at  a  nagnetic  field  of  S 
T.  Thia  can,  in  principle,  increaae  the  daaage  fron 
a  apark  and  the  rate  of  evaporation  of  anode  aaterial 
that  ia  produced  at  the  iapact  point  of  the  PBB 
current  on  the  anode.  However,  our  resulta  have 
ahovn  that  nagnetic  effecta  are  leaa  aevere  than 
thernal  effecta.  Hoat  efforta  to  Inprove  the 
perfomance  of  the  deflector  have  alned  at  reducing 
the  FU  current  by  reducing  the  peak  electric  field 
through  careful  ahaping  of  the  high-voltage 
electrode,  by  cooling  the  cathode  aurface  to  reduce 
thernal  enhancenent  effecta*  and  by  proper  choice  of 
anode  naterlal.  If  the  electron  enltting  aites  arc 
located  in  the  vicinity  of  an  Insulator,  aurface 
charging  nay  occur  and  natal  evaporation  fron  the  hot 
apot  on  the  anode  nay  coat  the  Insulator  leading  to 
insulator  failure.  The  Insulators  on  the  Chalk  River 
superconducting  cyclotron  arc  well  shielded*  and  have 
not  suffered  particularly  fron  these  effects.  The 
deflector  has  been  operated  continuously  for  periods 
of  aorc  than  a  week  with  FBB  currents  as  high  as  250 
nlcroanps.  However,  recently,  these  FSB  currents 
have  typically  been  kept  at  less  than  about  60 
nlcroanps. 

Figure  2  shows  the  aeasured  FBB  current  as  a 
function  of  the  average  deflector  field.  Four  sets 
of  data  are  shown  representing  the  best  perfomance 
at  the  dates  given.  All  data,  except  those  narked 


Harch/91,  were  obtained  with  the  nagnet  at  about  3  T 
and  the  r.f.  avitched  off.  The  Harch/91  data  ware 
obtained  with  a  nagnetic  field  of  4.25  T  and  the  r.f. 
opereting  at  high  power  et  38  HBa.  The  Nov./89  and 

March/90  data  were  obtained  with  a  6.5  an  gap,  the 
Dec./90  data  uaed  a  5.5  as  gap  and  the  March  /91  data 
were  obtained  with  a  4.75  an  gap.  Soac  of  the 
inprovenent  has  been  fron  this  gap  reduction. 
Typically,  the  aaxlaua  voltage  that  a  gap  can  hold 
increases  only  as  the  square  root  of  the  gap  width. 
As  the  gap  is  Increased,  the  naxlaua  field  will 
therefore  be  saaller.  Throughout  the  cyclotron 
connlssionlng,  we  have  sought  to  find  a  good 
coaproaise  in  the  gap  width  between  reasonable  bean 
transnlsslon  and  the  aaxlnun  deflector  field.  A  gap 
of  5  to  6  an  appears  to  be  an  acceptable  coaproaise 
for  nany  beans.  Ve  believe  that  the  leakage  current 
originated  only  fron  cathodic  ennission,  and  that 
insulators  have  not  been  a  Uniting  factor  in  our 
systen. 


DEFLECTOR  FIELD  (kV/cm) 

Figure  2.  Lowest  deflector  leakage  current  as  a 
function  of  the  electric  field  at  several  dates 
during  the  last  16  aonths. 

The  data  for  Nov./89  and  Karch/90  were  described 
in  sone  detail  previously*.  The  high-voltage 
electrode  was  then  aade  fron  solid  stainless  steel. 
The  increase  in  the  naxlaua  sustainable  deflector 
field  that  could  be  obtained  at  those  dates  is 
believed  to  be  nostly  fron  profile  changes  on  the 
ends  of  the  high-voltage  electrode,  to  reduce  the 
peak  electric  field,  and  fron  changes  in  the 
conditioning  procedures.  Calculations  show  that  the 
peak  electric  field  is  20  X  above  the  average  field 
for  a  6  aa  radius  at  the  top  and  bottoa  of  the 
electrode.  The  ends  of  the  electrode  have  a  cospound 
radius  involving  both  the  top-to-botton  and  side-to- 
side  profiles.  The  noat  visible  areas  of  spark  daaage 
are  generally  at  the  two  ends  of  the  electrode.  When 
an  attespt  was  nade  to  use  the  deflector  (March/90 
data)  to  extract  a  carbon  bean  at  45  MeV/aau,  r.f. 
heating  and  bean  loading  (estiaated  to  be  between  10 
and  15  watts)  increased  the  leakage  current.  This 
lead  to  a  reduction  of  the  naxlaua  useable  deflector 
field  by  10  to  15  X. 

Many  Ideas  were  tested  during  1990.  An  Iaportant 
test-stand  result  conflrned  that  sparks  between  a 
stainless-steel  cathode  and  a  aolybdenua-plate  anode 
(the  sane  aaterial  In  use  for  sparking  plates) 
transfer  saall  (10  to  50  alcrons  width)  flakes  of 
nolybdenun  to  the  cathode.  Enhanced  FBB  currents 
fron  these  flakes  reduce  the  voltage-standoff 
capability  of  the  gap  by  nearly  40  Z.  Molybdenua 
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flakes  could  not  b«  condttlonad  avay.  An  axpcrlaent 
In  the  test  stand  vas  rapasted  thraa  tines,  in  vhich 
the  sane  aolybdenua  anode  and  stainless-steel  cathode 
vara  tasted  to  successively  blfbar  electric  fields 
until  a  severe  spark  lead  to  a  deterioration  of  the 
aaxinua  sustainable  electric  field  by  about  AO  Z.  In 
each  case,  opening  the  test  chaaber  and  cleaning  the 
cathode  surface  vith  alcohol,  restored  the 
perforaance.  No  other  cathode  or  anode  change  vas 
attenpted  at  this  tine.  These  experlaents  led  us  to 
change  the  septua  and  sparking  plates  froa  aolybdenua 
to  stainless  steel.  This  change  produced  noticeable 
inproveaents,  vith  the  best  result  being  90  kV  over  a 
6,5  aa  gap.  Bovever,  r.f.  heating  lead  to  a 
deteriorlatlon  in  perforaance  back  to  the  previous 
level. 

Attcapts  vere  then  nadc  to  reduce  the  cathode 
beating.  The  first  atteapt  vas  to  use  a  high-voltage 
electrode  nade  froa  solid  copper  instead  of  stainless 
steel.  Although  test-stand  results  at  that  tiae 
shoved  that  copper  vas  auch  poorer  than  stainless 
steel  for  high-voltage  standoff,  it  has  auch  higher 
theraal  and  electrical  conductivity,  vhich  aafccs  it 
less  suseptlble  to  r.f.  heating.  A  solid  copper 
high-voltage  electrode  vith  copper  hangers  vas 
tested.  The  results  are  shovn  on  Figure  2,  aarked 
Oec./90.  To  achieve  this  result,  the  copper 
electrode  required  considerable  conditioning  (several 
days  of  operation  at  high  voltage)  vith  no  aagnetlc 
field,  folloved  by  operation  at  a  aagnetlc  field  of 
about  3  T  and  then  vith  high-pover  r.f.  present. 
This  electrode  vas  used  to  extract  carbon  at  50 
NeV/aau,  a  beaa  that  represented  a  aajor  ailestone 
for  the  cyclotron's  coaalsslonlng  because  it  aeets 
one  of  the  aachine's  design  goals. 

The  vater-cooled  high-voltage  electrode, 
described  in  the  first  part  of  this  paper,  vas  built 
and  tested  as  the  next  developaent  step.  Its  first 
operation  exceeded  the  perforaance  of  the  copper 
electrode,  and  it  vas  us^  to  extract  ion  beaas  of 
carbon  at  AS  HeV/aau  as  veil  as  chlorine  at  35 
HeV/aau  in  an  8-day  experiaent.  After  a  careful 
cleanup  of  the  entire  deflector  and  soae 
conditioning,  the  results  shovn  for  March/91  vere 
obtained.  This  deflector  iaproved  vith  use  and 
helped  us  to  extract  iodine  at  19  MeV/aau  at  a 
gradient  of  about  ISO  kV/ca,  vith  a  gap  of  A. 75  an. 
It  has  also  been  tested  to  95  kV  vith  a  7.5  aa  gap 
vith  no  aagnetlc  field  present  and  to  9A  kV  vith  a 
aagnetlc  field  of  3  T. 


T8ST  STAND  R8SULTS 

The  prograa  to  laprove  the  deflector  has  had 
considerable  guidance  froa  results  obtained  froa  a 
stand.  This  test  stand  vas  described  in  detail 
and  soae  results  vere  reported’  prevluosly.  All 
recent  tests  point  tovards  the  iaportance  of  the 
choice  of  anode  aaterial  for  peak  high-voltage 
perforaance.  Table  1  shows  the  results  of  tests  on 
three  aaterials. 

Table  1.  Breakdown  voltage  (kV)  for  coablnatlons  of 
copper,  stainless-steel  and  tltanlua  electrodes.  The 

gap  was  2.5  aa. 


Cathode 

Anode  Material 

Naterial 

Copper 

Stainless 

Steel 

Titaniua 

Copper 

64 

92 

98 

Stainless 

74 

96 

no 

Steel 

Titaniua 

72 

88 

no 

The  tests  vere  aade  vith  19  aa  diaaeter 
cyclindrlcal  electrodes,  vith  a  2.5  aa  gap.  All  of 
the  electrodes  vere  aachlned  and  polished  vith  (vet) 
600  grads  silicon-carbide  paper.  The  cathode  vas 
connected  to  a  lov-capacitance  pover  supply  vith  a  2 
a  long  cable.  No  series  resistance  vas  used  for 
these  tests  and  the  cable  capacitance  vas  about  500 
pf.  The  voltage  vas  raised  in  2  kV  increaents  froa 
about  AO  kV  until  a  breakdown  occurred  that  produced 
irreversible  daaage.  Typically,  a  nuaber  of  sparks 
occur  as  the  voltage  approaches  the  breakdown 
voltage.  These  sparks  can  cither  condition  the  gap 
and  reduce  the  leakage  current  or  produce  no  obvious 
changes.  The  breakdown  voltage  is  deternined  by  a 
spark  that  typically  trips  the  power  supply  off. 
When  the  voltage  is  re-applied,  continuous  sparking 
will  occur  at  15  to  20  Z  lover  voltage,  an  indication 
of  irreversible  daaage.  Good  reproduclllty  (about  5 
Z)  has  been  obtained  in  tests  of  soae  of  the 
coablnatlons. 

Table  1  shows  the  laportant  role  of  the  anode 
aaterial  for  a  gap  of  2.5  aa.  The  fleld-eaitted 
electrons  originate  froa  the  cathode  and  interact 
with  the  anode.  The  surface  properties  of  the  anode 
(such  as  adsorbed  gas)  then  play  an  laportant  role  in 
the  breakdown  process. 

Efforts  arc  underway  to  apply  these  results  to 
the  deflector.  In  the  present  deflector  design,  the 
back  side  of  the  high-voltage  electrode  and  regions 
above  the  hangers  that  support  the  high-voltage 
electrode  arc  copper.  Atteapts  will  be  aade  to  cover 
as  auch  of  these  areas  aa  practical  with  titaniua  and 
to  replace  the  septua  and  sparking  plates  vith 
titaniua  to  sec  if  further  laproveaents  can  be  aade. 
A  second  water-cooled  high-voltage  electrode  will 
also  be  fabricated  froa  titaniua. 

SUNNAkT 

laproveaents  Incorporated  into  the  deflector  of 
the  Chalk  Xlver  superconducting  cyclotron  have 
allowed  us  to  extract  ion  beaas  up  to  50  HeV/aau,  the 
design  goal  of  the  accelerator.  Deflector  fields 
exceeding  the  design  goal  of  U3  kV/ca  have  been 
achieved  and  aaintalned  over  a  reduced  gap  of  A. 75 
aa  with  aoae  loas  in  beaa  Intensity.  A  deflector 
field  of  9A  kV  across  a  7.5  aa  gap  hM  recently  been 
achieved  both  with  and  without  aagnetlc  field,  but 
without  r.f.  Ve  ahall  continue  to  laprove  this 
systea  with  the  aia  of  achieving  a  deflector  field  of 
about  150  kV/ca  at  a  gap  of  at  least  6  aa. 
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I.  ABSTRACT  AND  INTRODUCTION  TABLE  I 


The  proposed  asymmetric  energy  B  Factory  to  be  built  in 
the  PEP  tunnel  at  SLAC  will  require  a  highly  effective  and 
profuse  source  of  low  emittance  electron  and  positron  bunches. 
The  B  Factory  will  consist  of  two  rings  of  equal  size,  a  9  GeV 
electron  ring  and  a  3.1  GeV  positron  ring,  each  with  1658 
bunches  with  total  circulating  currents  of  1 .5  and  2. 1  amperes 
respectively.  As  the  luminosity  lifetime  of  the  collider  is 
expected  to  be  about  two  hours,  the  injector  should  be  capable 
of  filling  the  rings  in  a  small  fraction  of  an  hour.  It  turns  out 
that  with  some  simple  modifications,  the  SLC  linac  with  its 
damping  rings  and  positron  source  is  ideally  suited  to  fulfill 
this  function  effectively.  The  overall  injection  system  is 
dc.scribed  below. 

II.  SYSTEM  SPECIFICATIONS  AND  DESCRIPTION 

The  specifications  and  required  parameters  of  the  injection 
system  are  shown  in  Table  I.  It  is  seen  that  each  of  the  1658 
stored  bunches  will  require  about  5  x  IQl^  particles.  In  the 
topping-off  filling  mode  (80-»l00%).  assuming  that  each 
bucket  receives  about  5  single  bunches  from  the  injector  with 
50%  filling  efficiency,  the  linac  will  have  to  provide  single 
bunches  of  4x10^  particles/bunch  as  compared  to  2-5  x  10*0 
panicle.s/bunch  in  the  regular  SLC  mode.  This  should  be  very 
easy.  In  the  full  filling  mode,  the  first  80%  of  each  bucket 
will  be  filled,  also  with  5  linac  bunches,  but  at  the  rate  of 
2xl0l0  particles/bunch,  and  the  remaining  20%  at  the  topping- 
off  rale  as  above.  Assuming  that  both  rings  are  filled  by 
alternate  linac  pulses,  each  at  a  60  pps  rate,  it  is  easily  seen 
that  the  filling  operations  will  take  on  the  order  of  3  and  6 
minutes  respectively. 

A  schematic  of  the  SLC  injection  system  is  shown  in 
Fig.  1.  The  iujeclor  will  coastsi  of  the  first  19  sectors  of  the 
linac,  llte  two  damping  rings  and  tlie  positron  source.  The  3.1 
GeV  positroas  will  be  extracted  at  Ihe  end  of  Sector  3  through 
a  DC  chicane  which  will  let  the  electrons  comtinue  on,  either 
to  the  end  of  Sector  7  for  extraction  at  9  GeV  via  a  slowly 
pulsed  magnet,  or  to  Sector  19  at  about  30  GeV  for  positron 
production.  The  remaining  1 1  sectors  of  the  linac  may  be 
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B  FACTORY  INJECTION  SPECIFICATION.S 
AND  PARAMETERS 


Beam  Energy: 

High-energy  ring  (HER)  (e')  IGeV] 

9  (range:  8-10) 

Low-energy  ring  (LER)  (e+)  [GeV] 

3.1  (range:  2.84) 

Beam  current: 

HER  nng  |A/I0l0e] 

1.48/6777 

LER  nng  1A/I0h*c+) 

2.14/9799 

Particles  per  bunch: 

HER  lingl  lOlOe-l 

4.) 

LERring|10l0e+) 

5.9 

Linac  repetition  rale  (pps) 

60/120 

Linac  current  (lOlOe^  per  pulse)** 

0.4-2 

Invariant  linac  emittance  |m-rad] 

5xl()--'’ 

Filling  times: 

Toppmg-off  (8()-l(X)%)  (min) 

3 

Full  Filling  (0-100%)  1  mm) 

6 

Magnet  standardization  time  |min) 

L5 

Ring  circumference  )ni) 

2199.318 

Revolution  piriod  |ps) 

7.3^6 

Revolution  frequency  IkHz) 

136.311 

BuikIi  freer jency  [MHz) 

476/2  =  238 

Time  between  bunches  [ns] 

4.20 

Harmonic  number 

.3492 

Number  of  bunches 

1746  ■  5% 

(leaving  5%  gap) 

=  1658 

Horizontal  damping  time. 

HER  (ms) 

.38 

LER  with  wigglers  (ms) 

36 

LER  without  wigglers  [ms] 

1.50 

Geometric  beam  emittance  [nm-rad): 

HER  horizontal/vertical 

48/1  9 

LER  honzontal/vertical 

96/3  8 

**Assummg  .50%  filling  efficiency 
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HER 


Existing  Positron  Return  Line  (PRL) 


D-^ 


SLC 

injector 


4-91 
691 2A8 


Damping  /  \ 
rings  /  \ 


e+  source 


er  bypass 


DC  chicane  for 
e+  extraction 


Pulsed  magnet 
for  e-  extraction 


e-  bypass 


LER 


Rg.I.  Schematic  of  the  B  Factory  e*  injection  system,  based  on  use  of  the  SLC  linac  with  bypass  lines.  The  numbers  along  the 
linac  indicate  the  location  (not  to  scale)  of  each  sector.  Each  of  the  30  sectors  is  t(X)  m  long. 


tuined  oCT.  Once  extracted,  the  respective  bunches  of  electrons 
and  positrons  will  be  transmitted  tivougb  two  separate  bypass 
lines  to  the  exi.sting  NTT  and  SIT  lines  presently  used  to  fill 
PEP  fiom  the  end  of  the  linac.  The  NIT  and  SIT  lines  are  well 
instrumented  and  will  not  be  described  in  this  paper.  The 
advantages  of  the  system  proposed  here  are  numerous;  a)  it 
preserves  all  other  High  Energy  Physics  opportunities  at 
SLAC;  b)  the  bunches  leave  the  linac  at  the  desired  energy, 
thereby  eliminating  the  need  for  backphasing  and  minimizing 
Wakefields  in  unnecessary  accelerator  structures;  c)  by 
alternating  e'*'  and  e-  pulses  at  60  pps,  only  one  bunch  will  be 
stored  at  a  time  in  each  damping  ring;  d)  no  additional  fast 
kickers  (often  unreliable)  will  be  needed;  e)  between  filling 
times,  it  will  be  possible  to  "park"  e+  and  e*  bunches  at  a  low 
rate  in  NTT  and  SIT  Faraday  cups  to  optimize  readiness  for 
filling  on  demand;  0  finally,  by  selecting  a  ring  RF  fiequency 
of  476  MHz,  i.e.,  1/6  of  the  linac  RF  fiequency  of  2856  MHz, 
synchronization  will  be  greatly  simplified. 

The  bypass  lines  will  consist  of  10  cm-diameter 
aluminum  pipe  (for  adequate  pumping  speed)  with  2.5 
cm-diamelcr  coastrictions  every  SOm  where  a  FODO  array  of 
quadrupnies  and  beam  position  monitors  will  be  located. 
These  apertures  will  be  fully  adequate  since  the  low-emittance 
beams  will  have  Or's  of  less  than  1 .5  mm.  A  cross-section 
of  the  linac  hoasing  with  the  overhead-suspended  quadtupoles 


Fig.  2  Cross  section  of  linac  housing  showing  the 
location  of  the  electron  and  positron  FODO  array 
quadtupoles.  Note  the  lilts  of  the  extraction  planes 


showing  the  respective  tilts  of  the  extraction  planes  ts  given  in 
Fig.  2.  The  existing  positron  return  line  (PRL)  is  shown  for 
reference  in  the  upper  right-hand  comer.  Table  II  gives  a  list 
of  the  components  in  the  bypass  lines.  The  matching 
quadrupoles  are  part  of  360  degree-pha.se  advance  achromatic 
bends  joining  the  linac  to  the  bypass  lines,  and  these  to  NIT 
and  SIT. 

TABLE  II 

LINAC  BYPASS  LINE  COMPONENTS  AND 
SPECIFICATIONS 


Length  (km) 

POSITRON 

LINE 

-2,6 

ELECTRON 

LINE 

-2.2 

Energy  (GeV) 

2.84 

8-10 

No  of  quadrupoles 
Matching 

2A 

24 

FODO  array 

52 

44 

Steering  correctors 

61 

Beam  position  monitors 

64 

Profile  monitors 

(64  re.adouLs) 

2 

(56  rc.adouls) 

2 

Pumps  (120L/S) 

29 

23 

Vacuum  roughing 
connecUons 

29 

23 

Fast  valves 

1 

1 

Isolation  valves 

14 

L3 

III.  lNJE(7riON  INTO  THE  HER  AND  LER 

In  contrast  to  the  single  PEP  ring,  for  which  the  injection 
lines  come  down  vertically  into  the  plane  of  the  ring  and  arc 
tangent  to  the  inside,  the  HER  and  LER  injection  lines  will  be 
brought  down  on  the  outside  of  the  two  rings  -  into  the  plane 
of  the  HER  a|  lR-10  and  into  the  plane  of  the  LER  at  IR-8. 
The  proposed  method  of  injection  is  very  similar  to  the  one 
used  in  PEP.  It  assumes  ==  Py  =  nr  in  40- m- 

long  injection  regions.  Horizontal  injection  occurs  as  shown 
in  Fig.  3.  The  closed  orbit  of  the  .stored  beam  is  temporarily 
distorted  by  means  of  four  DC  bump  magnets  and  three 
kickers  Details  of  the  horizontal  phase  space  (x.x')  for  the 
stored  and  injected  beam  are  shown  at  three  sequential  points  in 
time  following  the  tum-on  of  the  DC  bump  magnets,  (i) 
stored  beam  is  moved  by  0.5  cm  to  DC  bumped  position. 
lOox  away  from  the  iimer  edge  of  the  3-mm  septum:  (ti) 
stored  beam  is  within  6  Ox  of  the  septum  inner  edge, 
incoming  beam  from  the  finac  ts  tangent  to  the  stored-beani 
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orbit  and  within  2  at  of  the  outer  septum  edge;  (iii) 
approximately  four  turns  later,  the  stored  beam  is  back  to  its 
DC  bumped  orbit;  the  incoming  beam  is  inside  the  ring  within 
20x  of  the  inner  septum  edge,  ready  to  damp  and  merge  with 
the  stored  beam.  It  is  assumed  that  the  injected  beam  has  a  px 
of  30  m. 


B  Factory  Injection: 
Schematic  of  HER  &  LER  Injection 


B«am  from 
NtTorSrr 


4*1 


HER  R***"'"'™'’' 
lni«et)on  P«  •  InjacMn 

Siraighi  Ot~  2  mm  Straight 


Cl  >  96nm  <  rad. 
80m 

0, '  28  mm 


r  at  NIT 
Injaction 


Cii  >  3  nm  •  rad. 
30  m 

0,  '  Oamrr 


9*  at  SIT 
Injachon 


•  8  nm  •  rad. 
30m 

0|  '  Q5  mm 


D-40 


D-0 


M17AI 


Fig.  t  Schematic  of  Injection  Kicker  System,  and 
horizontal  transverse  phase  space  (x.x')  of  stored  and 
incoming  beams  during  three  successive  steps  of  the 
injection  process  (HER  and  LER).  The  diameters  of  the 
stored  and  iiKoming  beams  are  not  drawn  to  scale. 

For  injection  purposes,  each  ring  is  divided  into  nine 
rotating  "/.ones"  of  equal  length  as  shown  in  Fig.  4.  A  zone 
has  a  length  of  about  244  m  (or  815  ns)  and  contains  194 
bunches  One  of  these  zones  in  each  ring  will  remain  about 
half  empty  to  leave  a  gap  for  ion  control.  We  describe  here  the 
process  for  filling  tfie  LER  at  a  60Hz  rate;  die  HER  is  filled  in 
a  similar  way.  The  transverse  damping  time  for  the  HER  is 


38  ms  and  for  the  LER  36  ms.  If  the  damping  contribution  of 
the  wigglers  in  the  LER  is  ignored,  a  worst-case  situation  in 
terms  of  injection,  then  the  LER  has  a  damping  time  of  150 
ms.  The  beginning  of  each  zone  is  determined  by  the  time 
onset  of  the  Ucker  current  pulses.  All  three  kicker  pulseis  are 
identical,  coasisting  of  critically  damped  RLC  circuits  that  rise 
and  fall  to  practically  zero  within  less  than  1 500  as.  The  first 
bucket  to  be  filled  in  zone  n  is  located  roughly  200  as  after  the 
beginning  of  the  kicker  pulse  so  as  to  ride  on  the  flat  top 
where  sensitivity  to  time  jitter  is  minimized.  Since  the  ri.se 
time  of  the  pulse  is  much  shorter  than  the  fall  time,  bunches 
recently  stored  in  zone  n  -  1  arc  unaffected.  Bunches  in  zone 
n  -)■  1  (at  least  815  ns  later)  are  kicked  slightly,  but  since  they 
have  been  in  the  ring  for  the  longest  time,  their  orbits  arc 
almost  fully  damped,  and,  to  the  extent  that  the  kickers  arc 
matched,  these  bumps  are  clo.sed.  Thus,  single  buckets  in 
zones  1  through  9  are  filled  in  succession,  after  which,  9  times 
l/60th  of  a  second,  or  150  ms  later  (that  is,  one  damping  time 
in  the  LER  in  the  ab.sence  of  wigglers),  the  next  adjacent 
buckets  (4.2  as  later)  in  each  zone  are  filled,  and  so  on.  With 
this  method,  damping  in  the  LER,  even  without  wigglers,  is 
adequate.  The  entire  filling  sequence  will  be  computer 
controlled  and  automated  for  both  rings. 


Zone  Filling  Sequence:  1,2, 3, 4, 5, 6,7,8, 9  (partially),  1.etc. . . 

4  ft  69t2A4 


Fig  4  .Azimuthal  z.oiic  niliiig  sequence  for  ihc  LER. 
showing  nine  zones  Ihe  kicker  pulse  shown  (equal  for  .all 
kickers)  was  conipuled  by  assuming  charged,  cntically 
damped  RLC  circuits  |R  =  2  (L/C)  1/2)  in  which  the  cunenl 
reaches  its  maximum  .at  t  =  2  L/R  altci  a  thyratron  is  fired 
and  allows  the  circuit  to  be  discharged 
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Abstract 

We  present  here  an  optics  design  for  a  beam  transport 
system  which  will  be  used  to  inject  2  TeV  proton  beam  from 
the  High  Energy  Booster  into  the  Superconducting  Super  Col¬ 
lider.  The  main  design  issues  are  the  use  of  conventional 
magnets  for  constructing  this  high  energy  beamline  and  main¬ 
tenance  of  small  beam  transverse  emittance  during  the  trans¬ 
fer  process.  Effects  of  various  errors  have  been  investigated  in 
detail,  then  tolerances  for  errors  are  given.  With  the  design 
criterion  and  beam  position  correction  scheme  proposed,  pro¬ 
ton  beam  transverse  emittance  dilution  is  expected  to  be  less 
than  five  percent. 

I.  Introduction 

The  HEB  is  the  last  synchrotron  of  the  three  injector  syn¬ 
chrotrons  in  cascade  of  the  injection  systems  for  the  two  Su¬ 
perconducting  Super  Colliders.  The  devices  that  eject  proton 
beam  from  the  HEB  for  injection  both  clockwise  and  count- 
clockwise  into  the  bottom  and  top  colliders  are  located  within 
the  west  long  straight  section  of  the  HEB.  The  collider  injec¬ 
tions  take  place  in  the  west  utility  straight  sections  which  are 
located  directly  under  the  HEB  west  long  straight  section.  The 
elevation  separation  between  the  lower  collider  and  the  HEB 
is  14m  which  is  determined  by  a  radiation  shielding  require¬ 
ment.  In  SSCL  Site-Specific  Conceptual  Design^**,  the  two 
beam  lines  joining  HEB  and  colliders  include  warm  septum 
magnets,  pidse  kicker  magnets  at  both  ends  of  the  lines,  super¬ 
conducting  major  vertical  bending  magnets,  and  quadrupoles. 

To  eliminate  troubles  of  transfer  line  superconducting 
magnet  quenches,  this  design  makes  use  of  warm  magnets 
only.  The  total  length  of  each  of  these  lines,  determined  by 
geomeuic  boundaries,  is  about  631m.  The  use  of  low  field 
conventional  bends  requires  additional  effort  to  find  an  optical 
suiicture  to  accomplish  matching  of  optical  parameters,  while 
keeping  reasonable  P  and  dispersion  function  amplitudes 
through  the  line. 

Another  main  issue  of  this  uansfer  system  design  is  to 
preserve  the  small  proton  beam  transverse  emittance  during 
eject'on,  transfer,  and  injection  which  is  important  for  obtain¬ 
ing  high  collider  luminosity.  Effects  of  magnet  misalignment 
and  various  field  errors  to  emittance  dilution  have  been  inves¬ 
tigated  to  determine  tolerances  for  errors  and  magnet  design 
criterion.  A  beam  position  correction  system  is  also  proposed 


♦Operated  by  Universities  Research  Association  under  contract  with 
the  U.S.  Department  of  Energy 

0-7803-0135-8/91S01.00  ©IEEE 


to  reduce  dilution  effects  due  to  beam  centroid  displacement  at 
injection  region. 

II.  Beam  Optics  and  General  Layout 

The  layout  of  the  ejection,  beamlines,  and  injection  devic¬ 
es  is  shown  in  Fig.l.  The  HEB  ejection  kickers  and  the  Collid¬ 
er  injection  kickers  provide  horizontal  shifting  of  the  beam 
orbit  The  beamline  magnets  bend  beam  vertically  only. 

Each  of  these  two  beamlincs  consists  of  two  quasi  achro¬ 
matic  bending  sections  with  inverse  deflecting  direction.  The 
short  straight  section  between  them  provides  the  flexibility  of 
optical  parameter  adjustments.  The  two  lines  are  similar,  with 
the  exception  of  0.2m  difference  of  middle  straight  section 
length,  and  slightly  different  operating  fields  to  accommodate 
different  elevation  levels  of  the  two  colliders.  Similarity  of  de¬ 
sign  is  important  in  maintaining  case  of  operation. 

The  upper  limits  of  bending  field  and  quadrupole  field  gra¬ 
dient  adopt^  here  are  1.8  IT  and  30T/m,  respectively,  for  4cm 
full  aperture  magnet  design.  About  50%  of  beam  line  length  is 
occupied  by  bending  magnets.  The  requirements  to  leave  space 
for  crossing  of  one  line  with  top  collider,  as  well  as  the  cross¬ 
ing  of  two  lines  push  part  of  the  bending  magnets  further  away 
from  both  ends  of  the  beamlinc.  Both  the  low  bending  field 
and  space  requirements  demand  the  increasing  of  total  bending 
angle  while  leaving  less  space  and  more  difficulty  to  accom¬ 
plish  phase  space  and  dispersion  matching  and  keeping  ampli¬ 
tudes  of  |3  and  dispersion  function  small.  The  optical  functions 
of  the  beamline  are  shown  in  Fig.2.  The  maximum  P  function 
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amplitude  is  42Sm,  and  dispersion  is  compressed  to  less  than 
2m  everywhere. 

in.  Effects  of  Magnet  Misalignment 
and  Field  Errors 

There  are  two  major  concerns  caused  by  various  errors  for 
this  transfer  system:  aperture  requirement,  and  beam  trans¬ 
verse  emittance  dilution.  Since  high  bending  field  and  quadru- 
pole  gradient  have  to  be  used,  small  magnet  aperture  is 
desired.  The  2  TeV  proton  beam  has  a  very  small  transverse 
emittance:  4.7Xl(r*°n  m  rad.  Beam  dimensions  have  little  in¬ 
fluence  on  aperture  consideration.  Tolerances  of  systematic 
magnet  alignment  and  magnet  field  errors  are  set  to  allow 
beam  to  pass  the  beamline  without  position  corrections.  The 
more  critical  tolerances  come  from  the  requirement  to  pre¬ 
serve  beam  transverse  emittance.  Small  position  and  angular 
errors  to  the  ideal  collider  closed  orbit  w<ll  cause  large  emit¬ 
tance  dilution  if  they  are  not  precisely  corrected.  Statistical 
bending  field  errors  and  quadrupole  gradient  errors  are  respon¬ 
sible  for  position  mismatching  and  optical  parameters  mis¬ 
matching  which  will  inevitably  lead  to  emittance  dilution. 
Dilution  effects  due  to  centroid  displacement,  mismatching  of 
P,  and  dispersion  functions  at  injection  in  a  circulating  acceler¬ 
ator  are  well  described  by  M.  J.  Syphcrs^^l.  For  injection  posi¬ 
tion  mismatching  one  has: 


where _ 

=  V(AX)^+  (PAX'  +  oAX]^ 

The  dilution  factor  is  defined  as  the  ratio  of  phase  space 
areas  containing  95%  of  the  beam  particles,  after  and  before 


dilution  occurs.  Since  the  uansverse  beam  rms  size  Gq  is  about 
0.2-0.3mm,  AXeq  from  Eqt.  (1),  should  be  less  than  0.1  mm  if 
dilution  less  than  S%  is  required. 

A  program  code  is  developed  for  a  quick  and  effective 
evaluation  of  all  the  relevant  quantities  at  injection  point 
caused  by  various  errors  of  the  beam  fiansport  system.  The 
program  can  perform  a  fixed  error  calculation  as  well  as  multi¬ 
trial  simulations  with  normally  distributed  random  errors  of  a 
given  standard  deviation  for  all  magnet  misalignment,  field, 
gradient  errors,  and  initial  beam  conditions.  One  can  then  de¬ 
cide  what  toleran'^es  for  errors  should  be  set,  and  what  kind  of 
position  correction  scheme  should  be  used  to  reduce  the  aper¬ 
ture  requirement  and  preserve  beam  emittance. 

Table  1.  sums  up  the  resulting  error  tolerances  from  analy¬ 
sis  and  simulation^^\  which  is  required  for  either  free  pass  of 
30mm  bcamlinc  apciture  without  position  corrections,  or  emit¬ 
tance  dilution  of  less  than  5%. 


Table  1.  Tolerances  for  various  errors 


Error  Type 

Tolerances 

Required  as 

Q  Trans,  shift 

0.2  mm 

Aperture 

B  Rot  about  Z 

1.0  mrad 

// 

AB/B(systcmatic) 

0.001 

H 

Q  gradient 

0.002 

Emittance 

AB/B  (regulation) 

5X10'^ 

H 

Kickers  AB/B 

0.003 

H 

In  addition  to  these  error  tolerances,  a  beam  position  cor¬ 
rection  system  must  be  included  to  provide  precise  matching 
of  the  injected  beam  u^jectory  to  collider  closed  orbit. 
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Fig.3  Distributions  of  maximum  displacement  and  before  &  after  corrections, 
for  1000  trials  with  errors  listed  in  Tab.l  ( aperture),  and  ••  >  rms  Ay=0.8  mm,  Ay'=12  prad 


IV.  Beam  Position  Correction  Scheme 

A  proposed  beam  position  correction  scheme  is  shown  in 
Fig.2.  The  correction  scheme  has  two  stages;  in  most  of  the 
line,  each  conv  Jtor  takes  care  cT  the  position  errors  read  from 
the  monitors  between  itself  and  the  next  rorrector.  The  quan¬ 
tity  £(X|-fAXi)^  is  minimized  to  obtain  needed  corrector 
strength.  Here  Xj  is  the  position  (-  rror  before  correction  and 
AXj  is  the  displa^ment  produced  by  the  corrector  at  the  ith 
position  nuHiitor.  Al  the  end  of  beam  line  there  are  two  pairs 
of  correctors,  one  for  each  transverse  direction.  Position  er¬ 
rors  are  read  from  two  monitors  which  are  located  in  a  utility 
straight  section  of  the  cdlider.  The  coaection  Is  then  applied 
to  both  position  and  angular  deviation  of  beam  centroid  to 
collider  ciosed  orbit.  The  strength  of  these  two  correciore  ate 
obtained  by  minimizing  the  quantity  £  (Xi-«-AX|i-i-AX2i)^. 

Since  the  required  emittance  dilution  is  small,  the  two 
monitors  located  in  the  straight  section  between  collider  qua- 
drupole  QU3  and  QU4  require  a  position  resolution  of  10 
pm.  Another  pair  of  n'onitors  located  downstream  of  kickers 
will  provide  horizonta  position  errors  for  kicker  amplitude 
fine  adjusunent.  All  the  orrectors,  except  kickers,  are  out  of 
colliders:  therefore,  beamline  position  corrections  will  not  in¬ 
terfere  with  circulating  beam. 

A  number  of  simulations  of  correction  process  have  been 
made  in  order  to  find  a  scheme  which  makes  use  of  fewer 
correctors,  lower  correcting  strengths  and  desired  correction 
results. 

Fig.3  depicLs  the  correction  results  for  1000  trials  simu¬ 
lation  in  vertical  direction.  The  maximum  vertical  beam  cen¬ 


troid  displace  .t  along  the  bcamline,  Y„,x,  is  less  than 
after  corrections  and  the  quantity  Ye^  in  Eqt.  (1),  is  less 
than  0.07mm  at  end  of  bcamline,  which  corresponds  to  a  dilu- 
irr-'f  x:torof  1.03. 

V.  Conclusion 

'•lie  use  of  conventional  magnets  to  conspuci  the  beam 
transfer  lines  between  the  two  superconducting  proton  ma¬ 
chines  with  the  imposed  geometry  is  viable.  Beam  transverse 
emittance  dilution  will  also  be  under  control  with  proper  error 
tolerances  set  and  a  precise  position  correction  scheme. 

Authors  would  like  to  express  their  appreciation  to  Drs.  D. 
Johnson,  E.  Seppi,  and  M.  J.  Syphers  for  their  support  and  in¬ 
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Abstract 

The  ELETTRA  injector  is  a  full  energy  Linac.  The 
Linac  and  the  pulsed  magnets  need  to  be  synchronized 
with  the  beam  in  the  storage  ring  in  order  to  fill  it  with 
the  proper  bunch  pattern.  Most  of  the  triggers  for  the 
timing  system  are  generated  by  a  module  which  is  named 
Gun  Trigger  module.  The  gun  is  triggered  in 
synchronism  with  a  reference  bucket  of  the  storage  ring. 
It  can  be  programmed  with  a  delay  between  2  and  864  ns, 
a  range  which  covers  one  revolution  period  of  the  storage 
ring,  so  any  arbitrary  bucket  of  the  ring  can  be  filled. 
The  module  generates  also  the  gun  trigger  for  working  in 
PEL  mock,  which  needs  a  repetition  from  30  to  SO  ns  in 
a  10  ps  window,  The  jitter  of  all  these  triggers  is  less 
than  50  ps.  The  Goo  Trigger  module  is  developed  in 
VMEbu,^  standard,  using  TTL  and  ECL  technology.  It  is 
remota'iy  programmtd)W  through  the  ELETTRA  control 
system.  The  general  architecture  of  the  ELETTRA 
tivning  system  is  also  described  in  the  paper. 

I.  INTRODUCTION 

The  timing  system  generates  pulses  with  fixed  and 
variable  delay,  required  to  trigger  the  injection  and  the 
beam  diagnostics  [1).  T^c  Linac  and  the  pulsed  magnets 
need  to  be  synchronized  with  the  beam  in  die  storage 
ring  in  order  to  fill  u  with  the  proper  bunch  pattern.  The 
Linac  works  at  10, 5, 2  or  1  Hz.  The  trigger  which  gives 
the  injectioa  rate  is  the  Line  Trigger  (LT);  it  is  derived 
Is'y  diviOiMg  the  50  Hz  line  frequency.  The  timing  system 
must  allow  different  modes  of  operation;  Single  Bunch. 
Mgj)ti~Bunch,  and  PEL.  In  Single  Bunch  mode  only  one 
bucket  of  the  storage  ring  must  be  filled;  in  Multi  Bunch 
mode  the  buckets  of  the  storage  ring  must  be  uniformly 
filled;  in  PEL  mode  a  trigger  repetition  from  30  ns  to 
50  ns  must  fire  the  gun  of  the  Linac. 

The  jitter  of  the  gun  trigger  must  be  smaller  than  200 
ps  in  order  to  fill  only  the  selected  buckets.  The  pulsed 
magnets  have  to  be  synchronized  500  ps  in  advance 
because  of  their  risetime.  Their  jitter  must  be  smaller 
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than  3  ns  [2].  The  most  critical  part  of  the  timing 
system  described  below  is  the  Gun  Trigger  module. 
Semicustom  ECL  integrated  circuits  from  Siemens  are 
used:  16  bits  programmable  counters  which  can  work  up 
to  750  MHz.  This  choice  has  been  allowed  to  realize  all 
the  trigger  generators  in  only  one  VMEbus  board, 
reducing  the  space,  the  complexity  and  the  power 
consumption  with  respect  to  other  solutions. 

II.  Timing  System  Architecture 


Most  of  the  synchronization  problems  come  from  the 
Single  Bunch  working  mode.  The  gun  needs  to  be 
synchronized  to  the  bucket  to  fill  in  the  storage  ring  at  a 
10  Hz  injection  rate. 


Figure  I.  Injection  Timing:  the  Cun  Trigger  is  delayed  by 
884.7  ps  (1024*864  ns)  from  SI.  One  more 
adjustable  delay  in  2  ns  step  is  used  to  fill  any 
bucket  of  the  storage  ting.  Other  triggers  can  be 
derived  from  SI  in  order  to  provide  any 
prelrigger  required. 

In  order  to  realize  this  liming,  the  Gun  Trigger 
Module  generates  the  following  triggers  [figure  1): 

Storage  Ring  Clock  [SRC):  Synchronized  to 
the  reference  bucket  of  the  storage  ring,  it  is  obtained  by 
dividing  the  radio  frequency  [RF]  by  the  harmonic 
number  of  the  storage  ring  (432);  its  frequency  is 
499.654  MHz/432  =  1.157  MHz. 

Start  Injection  [Sl]:lt  is  .synciironi/cd  to  SRC 
and  its  period  is  that  of  the  Line  Trigger;  10  Hz  phased 
witli  tlie  line  frequency. 

Gun  Trigger  [GT]:  It  is  delayed  by  884.7  ps 
(1024  ♦  864  ns)  from  SI.  An  additional  programmable 
delay  in  2  ns  steps  is  used  for  synchronizing  dial  to  the 
raiuircd  bucket  of  tiic  storage  ring. 
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The  modulator  and  pulsed  magnets  triggers  are 
generated  by  delaying  SI.  A  4  ns  step  programmable 
delay  module  is  used  for  this  purpose. 

ni.  DESCRIPTION  OF  The  Module 

The  Gun  Trigger  Module  contains  the  SRC,  GT  and 
SI  generators  [figure  2].  The  SRC  generator  is  a  16-bit 
programmable  counter  always  enabled.  The  whole 
programming  range  gives  frequencies  from  33.3  MHz 
down  to  7.6  KHz,  but  it  is  used  here  to  obtain  1.157 
MHz.  The  SI  Generator  is  a  10-bit  counter  and  SRC  is 
its  clock.  It  starts  counting  at  the  arrival  of  the  10  Hz 
Line  Trigger  and  its  first  pulse  is  SI.  When  it  finishes 
counting,  it  generates  its  ripple  carry  [EN_GT];  this 
trigger  occurs  884.7  ps  (1024  x  864  ns)  after  SI. 

The  GT  generator  is  also  a  16-bit  programmable 
counter.  EN_GT  enables  the  counting.  This  delay  can  be 
programmed  from  10  ns  to  131  ps,  but  only  delays  from 
864  ns  to  1728  ns  (864  ns  +  864  ns)  an  used:  it  allows 
synchronization  of  GT  to  each  bucket  of  the  storage  ring. 
All  the  generators  are  remote  controlled  from  the 
VMEbus. 


Figure  2.  Logic  block  diagram.  SI  is  the  first  SRC  count 
after  LT.  EN_GT  is  the  ripple  cany  after  1024 
SRC  counts  and  enables  the  GT  counter. 


Two  Gun  Trigger  Module  must  be  used.  The  first  one 
will  generate  the  triggers  shown  in  figure  1.  The  second 
one  will  generate  the  triggers  for  the  FEL  mode:  a 
repetition  from  30  to  50  ns  will  be  used  instead  of  GT. 
This  repetition  is  realized  using  the  SRC  generator  of  the 
second  board. 

The  board  is  a  four  layer  VMEbus  compatible  board: 
one  ground  plane,  one  power  plane  and  two  signal 
planes.  It  is  developed  in  ECL  technology  except  for  the 
VMEbus  interface  which  uses  TTL  technology. 

The  50  Ohm  input  has  a  probe  to  test  the  input  radi  o 
frequency  signal.  A  1001 14  line  receiver  drives  the  input 
signal  to  the  500  MHz  counters  through  a  50  Ohm 
microspip  line.  The  input  circuit  accepts  aiVipliiudc  [fOfn 
-10  dBm  to  10  dBm.  The  output  signals  are  at  the  NIM' 
standard  (-14  to  -18  mA  on  50  Otim). 

The  M  ii.nd  EN_GT  generators  are  implemented  with 
two  ECL  PALs  (Programmable  Array  Logic):  1016RD8 


from  National  Semiconductor.  The  clock  is  SRC.  The 
Enable  is  the  10  Hz  trigger,  the  Reset  is  GT.  The  10  Hz 
trigger  starts  the  counting  and  GT  resets  the  counter.  SI 
is  generated  at  the  first  SRC  pulse  after  the  Enable, 
EN_GT  at  the  last  count. 

The  same  IC  is  used  for  both  the  SRC  Generator  and 
for  the  GT  Generator:  the  SH100CK1133,  a  semi¬ 
custom  chip  from  Siemens.  It  is  a  16  bit  programmable 
counter  which  can  work  up  to  750  MHz.  This  choice 
reduces  the  complexity  of  the  board  [figure  3],  the  power 
consumption,  and  the  space  respect  to  other  solutions. 


Figure  3.  Schematics  of  the  logic  which  realizes  the 
timing.  Only  six  chips  arc  used. 

The  -5.2  V  for  powering  the  ECL  devices  comes 
from  an  external  power  supply  through  a  connector  on 
the  front  panel  to  give  full  VMEbus  compatibility.  The 
ECL  logic  levels  and  the  -2  V  level  for  the  signal 
pulldowns  are  derived  from  the  -5.2  V.  The  total  power 
consumption  is  about  4  A  on  the  -5.2  V  and  2  A  on  the 
+5  V. 

IV.  CONCLUSIONS 

The  Gun  Trigger  module  allows  to  delay  the  pulse 
which  fires  the  gun  up  to  864  ns  in  2  ns  steps  with 
respect  to  the  Storage  Ring  Clock,  a  signal  synchronized 
to  a  reference  bucket  of  the  storage  ring.  The  jitter 
measured  from  these  triggers  is  less  tlian  50  ps. 

Three  Gun  Trigger  Module  boards  have  been  built. 
Their  characteristics  satisfy  the  initial  requirements.  Two 
of  these  boards  will  be  used  for  the  ELETTRA  timing 
system. 
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Abstract 

The  POISSON  group  of  computer  codes  [1]  was  used  to 
study  the  details  of  field  distributions  of  electrostatic  septa 
for  use  with  the  MIT-Bates  South  Hall  Ring  (SHR).  Stud* 
ies  were  made  to  minimise  field  penetration  and  field  gra* 
dients  near  the  foil  strips  while  satisfying  the  technical  con¬ 
straints.  In  addition,  effects  of  upstream  guard  foils  and  an 
additional  electrode  opposite  these  foils  on  the  field  shapes 
were  studied  in  great  detail.  The  guard  foils  will  shadow 
the  main  foils  from  the  direct  beam,  and  the  electrode  will 
prevent  the  secondary  low-energy  electrons  from  the  guard 
foils  from  reaching  the  anode.  Our  optimal  configuration 
of  foils  and  electrodes  as  well  as  the  electric  field  shapes 
are  presented. 


1  Introduction 

The  SHR  under  construction  at  the  MIT-Bates  Linear  Ac¬ 
celerator  Center  will  be  a  high  intensity  pulse  stretcher  fa¬ 
cility  with  high  quality  cw  electron  beams  of  up  to  1.0 
GEV,  operatmg  in  both  storage  and  extraction  modes. 

The  ring  lattice  will  consist  of  over  200  electromagnets  dis¬ 
tributed  over  a  ring  circumference  of  190  m.  A  description  and  positioned  2  cm  from  the  solid  anode  at  lOOKV.  The 
of  SHR  is  given  in  ref.  [2].  As  any  other  pulse  stretcher  foils  are  mounted  on  a  long  semicircular  carrier  at  ground 
rings  with  extraction  capabilities,  SHR  requires  two  elec-  potential  with  foils  stretched  vertically  along  its  diameter, 
trostatie  septa  near  the  iqjection  and  extraction  regions  Figure  1  shows  the  basic  components  of  the  septa.  Our 
for  providing  the  required  deflection  to  the  circulating  elec-  POISSO^  calculations  included  5  mm  wide  foil  strips  and 
tron  beam  during  the  iqjeetion  and  extraction  periods.  Af-  a  range  o  spacing  from  O.Smm  to  l.mm. 
ter  the  short  iiyection  period,  these  septa  should  have  no  Because  of  optics  considerations  and  because  a  few  nA 
effect  on  the  circulating  beam.  A  40  mA  1.6  (utc  wide  ^  jjjg  extraction  septum  under  normal 

electron  pulse  which  raps  around  the  nng  twice,  by  operation,  the  design  seeks  to  minimise  thermionic,  field 

ture,  makes  the  requirements  on  tM  septa  very  demanding,  secondary  emission  as  well  as  thermal  distortions  of 
The  septa  must  have  two  ^tinct  field  regions:  (a)  a  field-  accomplish  this,  guard  foils  have  been  added 

free  region  for  cuculating  beams,  and  (b)  a  high  Uansverse  upjtream  of  the  main  foils  to  protect  them  from  the  di¬ 
field  region  for  iiyected  and  extracted  beams  with  a  field  beam.  The  guard  foils  will  shadow  the  main  foils 

strength  of  50  KV/cm.  The  purpose  of  these  studies  have  beam  and  an  additional  electrode  opposite 

included  finding  an  optimum  design  in  which  the  field  pen-  jjjese  foils  will  confine  the  secondary  low  energy  electrons 
etration  to  the  region  (a)  is  minimum  while  maximizing  the  ieQ.ching  the  anode,  thus  reducing  the  current  drawn 

field  uniformity  in  region  (b).  supply.  POISSON  has  been  instrumental  in 

These  septa  will  have  an  active  length  of  about  150cm  fjjjjjjjg  negative  potential  for  the  guard  electrode  which 
formed  by  a  row  of  thin  foil  strips  at  ground  potenti  optimize  this  confinement  while  maintaining  good  field 

*  Work  supported. in  part  bv  DOE  contractDE-AC02-”6ER03069.  uniformity. 
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Figure  1:  schematic  view  of  the  electrostatic  septa. 
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Figure  2:  Schemutie  of  POISSON  input  geometry  for  the 
"uniform”  field  region  of  lepta. 

2  Programming  Considerations 

A  full  scale  POISSON  layout  of  these  septa  would  require 
a  mesh  site  of  less  than  50/rm  (foil  thickness)  spanned  over 
several  centimeters;  this  makes  the  number  of  mesh  points 
extremely  large,  exceeding  the  program’s  normal  limits. 
Instead,  one  lays  out  only  that  portion  of  the  geometry 
which  is  relevant  to  the  question  under  study.  For  instance, 
when  studying  the  field  near  the  foils,  we  used  a  mesh  sise 
of  20pm  and  limited  the  overall  area  under  study.  When 
studying  the  field  in  the  entrance  region  over  several  cen* 
timeters  along  the  beam,  a  coarser  mesh  sise  has  been  used 
as  well  as  an  artificial  foil  thickness  of  0.2mm.  For  the  for* 
mer  case,  we  placed  an  anode  at  a  distance  of  1.0  mm  from 
the  wire  to  provide  the  50  KV/cm  field  gradient.  The  re* 
suits  presented  in  this  report  are  for  foil  spacings  of  0.3 
mm  and  edge  radius  of  0.025  mm. 

3  Uniform  Field  Region 

To  study  field  penetration,  we  exsunined  a  segment  of  the 
uniform  region  of  septa  away  from  the  entrance  and  exit 
areas.  The  layout  is  shown  in  Figure  2.  To  limit  the  total 
number  of  mesh  units  and  to  set  correct  boundary  condi¬ 
tions,  we  have  used  a  S  KV  anode  located  at  a  distance 
of  1mm  from  the  foils  and  required  that  the  equipoten* 
tial  lines  be  normal  to  the  surfaces  of  the  anode  and  the 
ground  plates  at  opposite  ends  of  the  gap.  Figure  3  show 
the  equipotential  lines  in  a  unit  cell.  The  transverse  field 
Ea*  integrated  along  the  beam  direction  is  used  to  define 
the  effective  field: 

*ZsS.3{mm) 

LE„j:=  Ex{X,Z)-dZ  (1) 

Jz=o 

The  integral  here  includes  one  half  of  two  adjacent  foils 
and  the  gap  in  between.  This  quantity  has  a  variation  of 


Figure  3:  Equipotential  lines  for  the  "uniform”  field  region 
of  the  septa 


Figure  4:  Schematics  of  POISSON  input  geometry  for  the 
entrance  region  with  guard  foils  and  additional  electrode. 

the  order  of  2  x  10"®  for  0.05  <  .^  <  0.9  mm  which  is  well 
within  the  specified  tolerance  for  the  septa. 

4  Entrance  Region 

We  have  also  studied  the  effects  of  guard  foils  together 
with  an  additional  electrode  at  ground  or  negative  poten¬ 
tial  located  in  the  plane  of  the  anode  and  20mm  upstream 
as  shown  in  Figure  4.  The  electrode  at  some  negative  po¬ 
tential  will  reverse  the  direction  of  the  electric  field  near 
the  guard  foils  so  that  the  low  energy  electrons  produced 
by  the  beam  hitting  the  guard  foils  would  not  find  a  path 
to  the  anode.  Several  configurations  were  studied  with 
POISSON  and  the  results  follow.  The  layout  includes  the 
entrance  region  65  mm  upstream  of  the  first  main  foil,  the 
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Figure  6:  Equipotential  lines  for  the  entrance  region  of  the 
septa  with  electrode  at  -4.0KV 

anode  at  20  mm  distance  and  a  ground  plane  at  10  mm 
on  the  circulating  beam  side.  We  have  studied  this  ease 
for  a  range  of  electrode  potentials  from  0  to  KV.  The 
equipotential  lines  for  the  ease  of  -4KV  are  shown  in  Fig* 
ure  5.  The  transverse  electric  field  as  a  function  of  Z  is 
shown  in  Figure  6  for  a  range  of  transverse  positions  X  in 
the  gap.  The  following  observations  can  be  made  from 
these  results: 

•  The  additional  electrode  at  VsO  reduces  the  electric 
field  in  the  vicinity  of  the  first  guard  foil,  but  the  field 
still  remains  positive. 

•  For  V=r-1.0KV  the  electric  field  in  the  entrance  region 
is  negative  in  the  lower  half  of  the  gap  (0<  X  <  10.) 
and  is  slightly  positive  in  the  upper  half  of  the  gap 
near  the  guard  foils;  this  voltage  is  insufficient  for  con¬ 
finement  of  the  low  energy  electrons. 

•  For  V=:-4.0KV  the  electric  field  remains  negative  for 
all  transverse  distances  across  the  gap  near  the  first 
guard  foil  and  becomes  positive  after  the  second  guard 
foil. 

•  The  integrated  transverse  field  over  the  65mm  en¬ 
trance  region  shows  a  variation  across  the  gap  which 
increases  with  increasing  electrode  voltage.  The  vari¬ 
ation  is  about  l.%  for  V=:0  V,  and  about  6.5%  for 
V=:-4  KV,  still  acceptable  since  the  entrance  effective 
fieid  is  less  than  2  percent  of  the  total  effective  field 
of  the  septum. 


Z  (mm) 


Figure  6:  Transverse  electric  field  of  the  entrance  region  of 
the  septum  for  a  range  of  X  values,  with  anode  at  X=0.25 
and  foils  at  X=20  mm. 

5  Conclusions 

For  our  configuration  the  following  conclusions  can  be 
made: 

1.  In  the  “uniform”  field  region,  the  relative  variation  of 
the  effective  field  as  a  function  of  transverse  distance 
across  the  gap  is  better  than  1  x  10~'^. 

2.  An  addition  of  an  electrode  at  negative  voltage  oppo¬ 
site  the  guard  foils  lowers  the  electric  field  neat  the 
guard  foils  but  inueases  the  effective  field  variation 
across  the  gap  to  about  1  x  10~^.  With  the  el(«- 
trode  at  Vs-^  KV  both  components  of  the  electnc 
field  provide  confinements  of  low  energy  electrons  to 
the  entrance  region  and  away  from  the  anode.  While 
higher  negative  voltage  increases  the  confinement,  it 
also  adds  to  the  overall  non-uniformity  of  the  field. 
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•  At  V=-4KV  the  sign  and  magnitudes  of  the  longitu¬ 
dinal  electric  field  (E?)  helps  to  further  confine  the 
low  energy  electrons  (longitudinally)  to  the  entrance 
region. 
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Abstract 

The  single  bump  injection  scheme  for  the  SXLS 
(Superconducting  X-Ray  Lithography  Source)  compact 
synchrotron  required  very  stringent  rise  and  fall  time  of  no 
more  than  15  nsec  and  a  flat-top  of  50-60  nsec.  These 
parameters  were  achieved  in  a  magnetic  device  of  75  cm 
length  with  a  maximum  field  of  75  gauss.  The  construction 
and  switching  techniques  along  with  the  associated  components 
will  be  described.  Results  of  magnetic  field  measurements  and 
measurements  of  the  effect  of  the  kicker  on  the  injected  beam 
will  be  presented.  The  device  is  presently  working  in  the 
room-temperature  magnet  prototype  of  the  SXLS  ring  and  will 
be  used  as  injection  bump  for  the  final  superconducting 
compact  synchrotron. 


Currents  in  excess  of  1,200  mA  have  been  stored  in  this 
compact  synchrotron. 


I.  INTRODUCTION 


Fig.  1. 


The  development  of  X-Ray  lithography  by  the 
semiconductor  industry  will  require  a  large  flux  of  X-Rays  at 
10  A  wavelength  from  as  small  a  source  as  possible.  To 
achieve  this  goal,  Brookhaven  National  Laboratory,  with 
funding  provided  by  DoD/DARPA  is  constructing  a 
Superconducting  X-Ray  Lithography  Source  (SXLS),  namely 
an  8.5  m  circumference  synchrotron  that  will  be  able  to  supply 
the  required  flux  of  X-Rays  at  10  A  for  a  semiconductor 
production  facility. Because  of  space  limitations  on  this 
compact  machine,  a  single  bump  injection  system  was 
developed,  requiring  a  fast  kicker  with  a  rise  and  fall  time  of 
10-20  ns  and  a  flat-top  of  50  ns,  which  gives  two  horizontal 
kicks  to  the  stored  beam  and  one  kick  to  the  injected  beam. 
The  angular  deflection  of  >  8  mrads  for  this  device  at  an 
injection  energy  of  200  MeV,  plus  the  limited  space  available 
for  the  magnet  itself  and  the  energy  storage  and  trigger 
systems  set  the  parameters  of  .75  m  magnet  length  with  a  field 
strength  of  7.5  x  10’’  T.  Figure  1  shows  the  location  of  the 
kicker  in  the  plan  view  of  the  warm  prototype  ring.  It  is 
located  in  the  straight  section  opposite  the  injection  septum  and 
extends  through  the  quadrupole-sextupole-quadupole  triplet. 

♦Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy  and  funded  by  the  Department  of  Defense. 


II.  MAGNET  CONSTRUCTION 

The  magnet  is  a  single  turn  split  cylinder,  concentric  with 
the  stainless  steel  vacuum  pipe,  and  is  water-cooled.  The 
water-cooling  is  not  necessary  from  a  power  dissipation  pomt 
of  view;  but  the  entire  straight  section  will  be  used  in  the 
superconducting  dipole  version  of  this  machine,  where  enough 
synchrotron  radiation  will  strike  the  outer  plate  to  cause  a 
severe  heating  problem.  Figure  2  shows  a  cut-away  schematic 
view  of  the  device. 
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The  magnet  design  is  a  result  of  several  compromises. 
The  angle  subtended  by  the  copper  conductors  are  ±30°  from 
the  horizontal  instead  of  the  expected  ±  60°.  This  is  to 
increase  the  field  strength  at  the  center  of  the  magnet  at  the 
expense  of  field  homogeneity.  The  large  sextupole  component 
of  the  field  is  offset  somewhat  by  the  overhang  caused  by  the 
cooling  pipes  and  by  the  image  currents  generated  in  the 
vacuum  chamber  walls.  The  spacing  from  the  chamber  walls 
was  optimized  to  provide  enough  field  versus  providing 
sufficient  horizontal  aperture  for  the  circulating  electron  beam. 
The  2-D  magnet  configuration  was  verified  with  POISSON. 

III.  MAGNET  DRIVE  SYSTEM 


To  avoid  introducing  additional  inductance,  the  thyratron 
and  its  energy  storage  capacitors  were  mounted  coaxially  in  a 
copper  cylinder  directly  connected  to  the  beam  pipe  at  the 
feedthrough  location.  Reverse  current  blocking  diodes  are 
mounted  as  close  to  the  magnet  as  possible,  and  all 
connections  are  made  with  low-inductance  copper  strips. 
Needless  to  say,  the  placement  of  components  is  extremely 
critical  and  a  considerable  effort  was  expended  to  obtain  the 
optimum  magnet  performance.  The  entire  assembly  of  trigger 
and  charging  circuits  was  shielded  to  the  maximum  possible 
RFI  specifications  to  avoid  interference  with  the  single  turn 
beam  position  determination  system. 

IV.  MAGNET  PERFORMANCE 


The  switch  tube  selected  for  this  circuit  was  the  English 
Electric  Valve  Type  CX1588,  a  hydrogen-filled  ceramic 
thyratron.  It  was  the  only  tube  that  proved  capable  of  driving 
this  device.  It  consistently  exceeded  its  advertised  current  rate 
of  rise  (125  kA/^isec)  and  has  exceedingly  low  timing  jitter  ( ~ 
200  ps).  Since  we  are  operating  the  tube  in  the  crowbar 
mode,  it  easily  handles  the  2000  Amperes  at  an  energy  storage 
voltage  of  20,000  volts.  Jitter  and  drift  are  major  concerns; 
the  filaments  and  reservoir  are  powered  by  regulated  DC 
power  supplies.  To  further  increase  stable  operation,  the  tube 
i.*!  supplied  with  a  1500  V  trigger  pulse  having  a  rate  of  rise  of 
65  V/ns  (see  Fig.  3). 


10  ns/cm  500  V/cm 
Fig.  3. 


To  achieve  the  rapid  rise-time,  the  trigger  circuit,  consists 
of  20  Unitrode  type  GA301  SCR’s  in  a  series  string.  The 
circuit  was  adapted  from  the  Unitrode  Applications 
Handbook.^ 


It  proved  extremely  difficult  to  measure  the  fields 
produced  at  the  pulse  widths  required  by  the  design. 
Therefore,  a  much  larger  capacitance  was  connected  to  the 
magnet,  resulting  in  a  longer  pulse  length,  thus  enabling  the 
calibration  of  the  magnet  to  be  determined  with  a  known  pick¬ 
up  coil.  The  table  below  shows  the  field  in  gauss  produced  at 
three  different  pulse  lengths  and  at  three  different  currents: 


0.6  usee 

1.4  usee 

2.0  usee 

500  A 

24.4 

25.7 

24.8 

1000  A 

48.6 

52.0 

49.6 

1500  A 

74.2 

75.2 

74.8 

The  calibration  of  the  magnet  is  thus  set  at  .05  gauss/A. 
This  agreed  with  the  estimates  made  with  POISSON. 

Current  measurements  during  operation  is  made  with  a 
permanently  mounted  current  transformer  in  the  discharge 
path.  Since  this  transformer  will  detect  all  currents  through 
the  diodes  and  magnet  capacity  to  ground,  it  does  nut  display 
the  true  current  wave  shape  and  is  not  used  as  such.  It  is  only 
used  as  a  peak  current  detector  to  verify  the  correct  operation 
of  the  kicker. 

The  true  performance  of  the  kicker  was  determined  by  its 
effect  on  the  injected  electron  beam  in  the  SXLS  synchrotron, 
by  moving  the  time  of  firing  of  the  kicker  relative  to  the 
incoming  electron  bunch,  and  measuring  resulting 
displacement  on  a  fluorescent  flag  downstream  of  the  magnet. 
Figure  4  shows  the  result  of  these  measurements. 


994 


Xts  FAST  KICKER 


Fig.  4. 

The  kicker  achieves  80%  of  its  maximum  value  after  IS 
ns,  has  a  "flat-top"  of  about  3S  ns,  and  falls  to  25%  of  its 
peak  value  in  another  20  ns.  The  long,  low-field  tail, 
decaying  in  several  hundred  ns  is  probably  flux  "captured"  in 
the  t^m  pipe,  and  decays  as  the  eddy  currents  decay.  These 
small  kicks  do  not  harm  the  beam  or  the  injected  pulse.  From 
a  machine  physics  point  of  view,  it  is  beneficial  to  have  a 
slightly  larger  kick  of  the  stored  beam  the  second  timet  we 
normally  operate  that  the  first  kick  to  the  stored  beam  occurs 
at  the  25  ns  point,  the  second  kick  to  the  stored  beam,  and  the 
first  kick  to  the  injected  bunch  then  occurs  at  the  52  ns  point. 
The  third  kick  at  »  80  ns  is  not  detrimental  to  the  circulating 
beam. 


V.  CONCLUSIONS 

A  very  difficult  magnet  needed  to  be  developed  to  assure 
the  successful  performance  of  the  compact  synchrotron.  This 
has  been  achieved,  the  maximum  current  injected  into  the 
SXLS  machine  has  been  in  excess  of  1200  mA,  with  injection 
rates  of  up  to  10  mA  per  "shot",  at  a  repetition  rate  of  0.67 
Hz. 
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Abstract 

The  SLC  Damping  Ring  kicker  magnets  requires  a  fast 
magnetic  field  rise  time  of  58  nsec,  a  peak  field  of 
800  gauss,  a  pulse  amplitude  stability  of  0.01  %,  and  a 
reasonable  operational  lifetime.  The  original  Kicker 
magnets  derigned  by  SLAC  and  at  FERMI  were  not  able  to 
fulfil  the  SLC  kicker  requirements.  Extensive  studies  were 
conducted  to  determine  the  limitation  in  the  magnets, 
response  of  the  ferrite  in  kicker  magnet,  and  the 
moditications  needed  to  improve  the  kicker  magnet 
performance.  The  paper  details  the  SLAC  and  FERMI 
kicker  magnets  limitation  of  performance. 

Background 


magnet  however  is  related  to  the  magnetic  kick,  the 
effective  width  of  the  gap  and  inversely  to  the  rise  time. 
Volts  =  (gauss-meters)*  (effective  width) /(rise  time).  What 
this  first  order  equations  infer  is  that  the  minimum  voltage 
on  a  kicker  magnet  is  independent  of  the  length  of  the 
magnet  or  more  important  independent  of  anv  attempts 
that  are  made  to  change  the  impedances  by  ad  justing  the 
capadtance  of  the  magnet  or  pulser.  For  the  SLC  case  the 
absolute  minimum  voltage  independent  of  the  design  is  20 
kv  with  a  minimum  energy  of  approximately  1  joule.  The 
only,  effective  parameter  to  reduce  the  voltage  needed  on 
the  magnet  is  to  reduce  the  effective  width  of  the  gap.  The 
minimum  voltage  or  joules  is  fixed  by  these  rimple 
concepts.  The  actual  values  can  be  much  larger  depending 
on  the  design. 


The  SLAC.  SLC  damping  rings  not  only  require  a  fast 
kicker  magnet  rise  time  (58  nsec),  wide  pulse  (100  nsec)  a 
large  kick  (320  gauss-meters),  and  regulation  requirements 
(0.01%)  but  the  space  allocated  in  the  damping  rings  for  the 
Idckers  was  to  short  (46  cm)  for  a  conservative  Idcker 
magnet  design.  The  resulting  high  magnetic  held  of  800 
Gauss  reqitires  the  use  of  a  ferrite  loaded  kicker  magnet 
With  these  restrictive  parameters  the  magnet  limitation 
become  the  performance  driver  in  the  kicker  system.  With 
the  inherent  jtter  the  thyratron  used  in  the  kitker  systems 
(approximately  -  200  psec)  the  slope  (dB/dt)  of  the  kicker 
at  extraction  time  must  be  less  than  0.05% /nsec 
compared  to  the  peak  dB/dt  of  approximately  3%  /nsec  to 
achieve  the  58  nsec  rise  time. 

Basic  Physics  of  ferrite  kickers 

From  basic  i^ysic  principal  it  is  clear  to  the  first  order  that 
to  proved  the  required  magnetic  kick,  the  energy  required  is 
proportional  to  (he  square  of  the  magnetic  kick  amplitude, 
linear  with  the  cross  sectional  area  of  the  kicker  held  and 
inversely  proportioj^  to  the  length  of  the  magnet. 

Joules  =(gauss-m)^*(area)/ (length) 

Therefore  the  shorter  the  magnet  the  more  joules  are 
required  and  vrith  a  fixed  rise  time,  the  more  power  is 
required.  The  minimum  voltage  needed  on  the  kicker 
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Magnet  types. 


The  original  SLAC  kicker  magnet  was  a  slab  ferrite 
construction  using  the  ferrite  as  an  isolator  and  attempting 
to  use  the  ferrite  capacitance  to  produce  a  transmission  line 
magnet.  Figure  1  It  was  not  understood  that  this 
construction  in  fact  dose  not  produce  a  transmisrion  type 
magnet  but  a  magnet  that  looks  electrically  like  a  lump^ 
inductor.  The  reason  for  the  lumped  inductor  effect  is 
because  the  fields  in  the  ferrite  can  travel  lengthwise  down 
the  magnet  vhich  produces  a  held  at  the  end  of  the  magnet 
delayed  only  by  the  speed  of  light  from  the  front  of  the 
magnet  indepeitdent  of  the  amount  of  capacitance. 
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Figure  1 

Slab  SLAC  Kicker  Magnet 


The  effect  can  clearly  be  seen  by  observing  the  delay  of  a 
pidse  propagating  in  Ae  magnet  by  probing  the  field  along 
the  magnet  Figure  2 


Figure  2 

Three  Ferrite  Slab  SLAC  Kicker 


A  true  propogation  delay  only  occurs  vdien  there  is  a  break 
in  the  ferrite.  The  effect  on  the  magnetic  field  waveform  of 
a  lumped  inductor  magnet  is  to  have  the  integral  of  the  field 
rise  vrith  a  eiqponential  time  constant  determined  by  the 
effective  magnet  inductance  divided  by  two  time  the  line 
impedance,  (t  »  L/2*Z)  The  eiqponential  response  means 
that  without  voltage  pulsed  wave  shaping  the  magnetic  field 
integral  will  take  at  least  4  time  constants  or  approximately 
80  nsec  to  be  flat  enough  to  meet  the  0.01%  stability 
requirement.  This  exponential  behaver  means  that  the 
SLAC  magnet  field  waveform  cannot  be  made  flat  enough 
to  meet  the  specifications  for  the  SLC  electron  damping 
ring.  To  produce  a  true  transnussion  or  delay  line  kicker 
magnet,  the  magnet  must  be  divided  into  isolated  section  so 
that  the  magnetic  field  cannot  propagate  along  the  magnet 
without  being  delayed  by  the  capacitance  in  the  magnet. 
Figure  3 


Figure  3 

FERMI  magnet  design 


The  lacker  magnet  made  by  FERMI  lab  for  SLC  was  of  this 
type  of  construction  and  as  eiqiected  it  eidiibits  the 
propagation  delay  of  transmission  type  magnet.  Figure  4 
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Figure  4 

IS  section  FERMI  Kicker 

A  transrmssion  line  is  characterized  by  it  impedance  and 
delay.  =  L/C  and  T^  =  L*C  vritich  infers  that  T*Z=L 
For  the  FERMI  magnet  Z  =  17  ohms  and  T  >  30  nsec. 
Although  the  magnet  transit  time  is  short  enough  to  meet 
the  SLC  requirements  the  magnet  is  not  matched  to  the 
pulser  cables  which  is  12.5  ohms.  This  results  in  a  reflection 
from  tiie  load  end  which  causes  a  rise  in  current  at  the  end 
of  the  pulse  producing  an  unacceptable  dB/dt  at  the 
begim^'ng  of  the  pulse  during  extraction.  (Figure  S) 
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Figure  5 

FERMI  Mismatched  Impedance 

Both  present  kicker  magnets  SLAC  and  FERMI  types 
produce  an  unacceptable  dB/dt  characteristic  due  to  there 
inherent  design  deficiencies. 

Ferrite  material 

In  both  the  SLAC  magnet  and  FERMI  magnet  the  chose  of 
ferrites  and  ferrite  path  length  were  not  optimal.  In  the 
SLAC  magnet  the  ferrite  was  chosen  to  have  a  high 
permeability,  however  the  ferrite  path  length  was  made  long 
in  the  believe  that  the  additional  capacitance  would  make 
the  magnet  a  transmission  line  magnet.  The  combination  of 
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high  permeability  and  long  path  length  results  in  a 
unacceptably  high  stored  energy.  The  FERMI  magnet  use  a 
low  permeability  thinking  that  the  low  permeability  would 
be  stable  and  help  to  match  the  impedance  of  the  magnet  to 
the  pulser.  In  realty  the  change  in  permeability  verse  field 
strength  was  very  large  and  ^at  combined  vnth  the  long 
ferrite  path  length  selected  to  produce  a  large  enough 
capacitance  resulted  in  the  magnet  haxdng  to  much  stored 
energy  and  to  high  characteristic  impedance.  The  high 
impedance  causes  an  increase  in  field  at  the  end  of  the 
pulse  due  to  a  reflection  from  the  load  cables.  The  ferrite 
material  and  path  length  chosen  did  not  proved  the 
performance  required. 

The  preferred  fenite  design  would  be  to  have  a  high 
permeability  ferrite  and  a  short  path  length  to  maximize 
the  fields  and  at  the  same  time  minimize  impedance 
changes  due  to  changes  in  permeability. 

There  was  considerable  concern  that  the  frequency 
response  losses  or  dispersion  in  the  ferrite  was  causing  the 
problems  with  magnet  shape.  Simulation  were  made  and 
tests  performed  to  establish  these  effects.  Although 
dispersion  is  evident  in  all  the  ferrites  when  the  rise  time  is 
made  fast  enough,  the  dispersion  effects  and  frequency 
response  are  secondary  to  impedance  mismatch  and 
lumped  inductor  effects. 

There  has  been  no  indication  that  the  ferrites  losses  or 
frequency  response  is  effecting  the  pulse  shape  substantially 
and  that  if  the  impedance  is  corrected  the  magnetic 
response  wl!  not  be  adequate. 

Stray  Fields 

Another  effect  which  was  overlooked  is  stray  magnetic 
fields.  Stray  fields  in  the  FERMI  magnet  are  much  larger 
then  expected.  The  result  is  a  larger  stored  energy  in  the 
magnet  and  therefor  a  longer  transit  time  than  expected. 
Field  plots  of  the  FERMI  kicker  magnet  revealed  that  field 
penetrated  the  gaps  in  the  structure  and  increases  the 
transit  time  by  as  much  as  20%.  (Figure  6)  Unfortunately 
very  little  can  be  done  to  eliminate  these  fields  since  they 
are  inherent  in  the  design  mechanical  design. 


Figure  6 

Stray  Fields  in  FERMI  Kicker 


Field  compression 

The  stored  energy  or  the  transit  time  of  the  magnet  can  be 
reduced  by  a  small  amount  without  changing  the  central 
magnetic  field  by  reducing  the  effective  width  of  the  field. 
This  was  accomplished  by  Miat  we  call  a  flux  gasket  The 
gap  magnetic  fields  are  restricted  by  a  small  amount  at  the 
top  and  bottom  of  the  gap  by  use  of  a  conductor.  )^th  the 
short  pulses  of  the  kicker  a  conductor  can  shields  and 
shapes  the  magnetic  field.  The  results  of  the  flux  gasket  is  to 
reduce  the  stored  energy  by  a  small  amount  Much 
decreases  the  transit  time  of  the  magnet.  (Figure  7) 


Conclusion 


The  SLC  kicker  magnetic  pulse  shape  problems  are  in 
essence  design  problems  of  not  including  \^at  constitutes  a 
transmission  type  magnet,  under  estimating  the  effect  of 
changes  in  permeability  of  the  ferrite,  and  not  appreciating 
the  amount  of  stray  inductance  in  the  magnet.  The  short 
magnet  length  compounded  the  problems  by  requiring 
more  current  and  thereby  a  lower  magnet  impedance.  With 
this  accumulated  design  knowledge  we  have  been  able  to 
designed  a  new  magnet  which  takes  into  account  all  of  these 
shortcomings  producing  a  magnet  which  is  match  to  the 
pulser  and  a  transmission  type  magnet. 

QIa  eueru  carngxlex 
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ABSTRACT 

This  work  describes  modulator  developments  for 
the  Brookhavcn  Booster  extraction  and  the  AGS  injec¬ 
tion  fast  kickers.  The  modulators  are  projected  for 
both  proton  and  heavy  ion  operation.  The  equivalent 
load  inductance  is  about  2.1  to  2.3  ftH  for  each  modu¬ 
lator.  The  PFN  voltage  is  required  to  be  below  40  kV 
for  operation  in  air.  The  rise  time  of  the  pulse  for  pro¬ 
ton  beam  transfer  is  120  na  up  to  97%  of  full  current 
(1000  A ),  and  for  heavy  ion  beam  transfer,  the 
requirement  is  160  na  up  to  98%  of  full  current 
(1615  A ).  During  the  fourth  batch  transfer  of  the  pro¬ 
ton  beam  from  the  Booster  to  AGS,  the  pulse  fall  time 
of  the  AGS  injection  fast  kicker  has  to  be  very  fast 
(<  140  ns),  so  that  it  does  not  appreciably  deflect  the 
first  batch  of  injected  protons  that  is  circulating  in  the 
AGS.  To  achieve  the  design  specifications,  an  extensive 
development  effort  has  been  pursued,  including  distri¬ 
buted  parameter  estimation  and  measurement,  com¬ 
puter  aided  analysis  and  design,  pulse  shaping  and 
tail-biting  circuit  test,  proto-type  construction,  etc. 
The  test  results  will  be  presented. 

INTRODUCTION 

The  Brookhaven  AGS  Booster  will  serve  as  a 
multifunction  synchrotron  injector  for  the  AGS,  capa¬ 
ble  of  accelerating  protons  from  200  Mev,  the  Linac 
operating  energy,  to  1 .5  Gev ,  at  a  maximum  repetition 
rate  of  7.5  Bz  (4  pulses/AGS  pulse).  The  Booster  is 
also  capable  of  accelerating  heavy  ions  to  a  magnetic 
rigidity  equal  to  17.52  Tea/a -melera ,  at  <  I  ffz 
repetition  rate  (1  pulse/AGS  pulse).  Beam  transfer 
from  the  Booster  to  the  AGS  will  be  bucket  to  bucket. 
There  are  three  RK  accelerating  buckets  in  the  Booster, 
and  twelve  in  the  AGS.  During  each  pulse  of  proton 
beam  transfer,  three  Booster  proton  bunches  will  be 
transferred  to  three  of  the  twelve  AGS  buckets. 

The  AGS  injection  and  Booster  extraction  kickers 
are  the  complementary  system  to  each  other. 

•  Work  performed  under  the  auspices  of  the  U  S  Depart 
menl  of  Energy 
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Centrally-fed  picture  frame  lumped  inductance  ferrite 
magnets  are  used  for  both  kickers.  The  kicker  parame¬ 
ters  are  listed  in  Table  1  and  2.  The  Booster  magnet 
must  be  capable  of  being  baked  up  to  temperatures  of 
250  'C,  since  the  Booster  operating  vacuum  is  in  the 
IQ-n  range. 

Table  1  -  AGS  INJECTION  KICKER  PARAMETERS 


Proton 

Heavy  Ion 

Riciditv 

7.51  T-m 

11  T-m 

Sirenitth 

3  mrad 

3  mrad 

Rise  time 

120  ns  do  97%) 

160  ns  (to  98%) 

Pulse  length 

600  ns 

1000  ns 

Pall  time 

140  ns 

<2300  ns 

Pulse  overshoot 

3% 

2% 

Plat  too  rioole 

<3% 

<2% 

PPN  voltue 

30  kV 

42  kV 

Peak  current 

1006  A 

1473  A 

Table  2  -  BOOSTER  EXTRACTION  KICKER  PARAMETERS 


Proton 

Heavy  Ion 

Rigidity 

7.51  T-m 

n  T-m 

Strength 

5  mrad 

3.8  mrad 

Rise  time 

120  ns  do  97%) 

160  ns  (to  98%) 

Pulse  length 

>600  ns 

>1000  ns 

Pulse  overshoot 

3% 

2% 

Plat  top  ripple 

<3% 

<2% 

PFN  voltage 

30  kV 

40  kV 

Peak  current 

1000  A 

1615  A 

The  AGS  injection  kicker  consists  of  three 
lumped  magnet  sections  with  equal  inductance,  which 
will  be  driven  by  three  identical  pulsers.  The  Booster 
extraction  kicker  has  a  similar  arrangement  of  four 
identical  subs\  stems  The  load  and  loop  stray  induc¬ 
tance  is  about  2.1  fiH  for  each  AGS  injection  subsys¬ 
tem  and  2.3o  ftH  for  eacli  Booster  e.xtraction  subsys¬ 
tem. 
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SYSTEM  DESCRIPTION 

The  modulators  are  basically  E-type  pulse  form¬ 
ing  networks  with  equal  capacitance  and  equal  induc¬ 
tance  for  each  section.  The  PFN  voltage  is  required  to 
be  afeout  40  kV  or  below  for  operation  in  air  To  meet 
the  different  kicker  current  and  rise  time  requirements 
of  proton  and  heavy  ion  operation,  a  terminating  resis¬ 
tor  is  switched  to  match  and  mismatch  the  pulse  form¬ 
ing  network  impedance. 

The  pulse  front  edge  sharpening  is  accomplished 
by  using  two  R-C  compensation  networks.  The  Rj-Cj 
in  parallel  with  the  first  PFN  capacitor  is  an  energy 
compensation  network.  It  provides  additional  energy 
needed  to  build  up  the  current  in  the  load  magnet  dur¬ 
ing  the  later  portion  o*"  the  pulse  rise  period.  The 
proper  selection  of  R,  will  give  a  fast  rising  front 
edge  current  with  C’  acceptable  overshoot  or  even 
without  an  overshoot. 

A  sink  network  R^-Ci  is  used  in  parallel  with 
the  matching  resistor.  The  capacitance  together 
with  the  magnet  inductance  constitute  a  resonant  net¬ 
work  that  reduces  the  resistance  to  the  energy 
discharging  of  the  PFN  front  edge  capacitor  during  the 
pulse  rising  period.  The  damping  resistor  R^  is  used  to 
avoid  possible  oscillation  in  the  L-C  network,  and  its 
value  should  be  much  smaller  than  that  of  the 
impedance  matching  resistor.  During  the  flr.f  top  of  the 
pulse,  both  0,  and  hold  at  a  constant  voltage, 
therefore  the  pulse  flat  top  is  not  affected.  Figure  1  (a) 
shows  the  current  waveform  of  the  proto-module  of  the 
Booster  extraction  kicker,  and  (b)  the  magnetic  field 
waveform  of  the  proto-magnet.  The  Booster  extraction 
kicker  modulators  have  been  constructed,  and  are 
presently  in  the  installation  process. 

In  addition  to  the  fast  rise  time  and  low  ripple 
flat  top,  the  pulse  fall  time  of  the  AGS  injection  kicker 
has  to  be  less  than  140  nt,  for  proton  injection.  A  test 
pulser,  based  on  a  circuit  improved  from  a  schematic 


Figure  1  (a).  Current  puise  waveform. 


Figure  1  ( b).  Magnetic  Seld  waveform. 


Figure  3.  AGS  inj^^ction  fasi  iicker  inoiulalor 


ip  (2),  has  been  simulated,  constructed  and  tested.  The 
EEV  CX-1154  thyratrons  were  used  as  the  main  switch 
and  taiUbitting  switch.  This  test  unit  has  been 
powered  up  to  25  kV ,  and  about  900  A  including  the 
tL  I-bitting  function.  Figure  2  shows  .a  typical  current 
list  fall  lime  obtained  in  this  test  unit.  The  construc¬ 
tion  unit  will  use  two  gap  thyratrons  to  increase  vol¬ 
tage  hold-off  capability.  Figure  3  is  the  schematic 
diagram  of  the  AGS  injection  fast  kicker  modulator. 

The  three  modules  of  the  AGS  injection  fast 
kicker  are  being  built.  Figure  4  shows  a  current 
waveform  from  one  of  the  modules  with  fast  fall  time. 
However,  the  unit  was  tested  only  up  to  500  A  ,  due  to 
noise  problems.  Since  the  modulators  will  be  mounted 
inside  thr  AGS  ring,  limited  space  makes  it  very 
difficult  for  package  design.  The  width  of  each  modula¬ 
tor  is  only  1  foot,  ihe  present  package  design  elim¬ 
inated  all  thyratre.  shicldings,  which  may  result  in 
lowering  the  noise  immunity  of  the  floating  deck  struc¬ 
ture  of  the  tail-bitting  thyratron.  Other  factoi-s  such  as 
grounding  design  and  trigger  scheme  may  also  contri¬ 
bute  to  the  noise  problems.  Some  design  changes 
inch’.ding  an  auxiliary  trigger  circuit  of  the  taii-bitting 
thyratvon,  grounding,  packaging,  and  the  possible 
interchange  of  circuit  locations  of  the  main  and  tail- 
bitting  sections  are  being  considered.  Testing  will 
resume  soon  .Her  the  Booster  installation  is  completed. 

Computer  aided  design  and  analysis  have  been 
used  heavily  for  the  modulator  development.  The  pulse 
distortion  due  to  distributed  capacitance  and  induc¬ 
tance  has  b.'cn  investigated  by  computer  simulation 
and  actual  test.  The  test  results  and  simulations  have 
been  agreed  ve.y  well.  Some  results  are  included  in 
references  (3,  5]  MICRC-CAP  (1,11,111)  and  MAWr/.x 
are  used  foi  computer  simulation*. 

REFERENCES 

(l)  "Booster  Design  Manual,"  AGS  Booster  Project, 
Brookhaven  National  1  aboratory,  1988. 

|2|  J.  Pachner,  Jr.,  "A  Pulsed  Ferrite  Inllector  .or 
the  Emittance  Measuring  Device  of  the  Chalk 
River  High  Current  Facility,"  Proc.,  1973  PAC. 

[3]  \V.  Zhang,  et  nl..  "Test  F.ast  Kicker  Pulser," 

Proc.,  7th  IEEE  PPC,  1989. 

(4j  W.  Zhiii.g,  et  ah,  "Test  Modulator  o.*"  .\GS  Injec¬ 
tion  Fast  Kicker,"  IEEE  Conf.  Rec.,  19lh  PMS, 
1990. 

[5;  \V.  Zhang,  et  ai.,  "Report  on  the  Test  and  Meas¬ 

urement  ol  the  Fast  Kicker  System,"  AD  Booster 
i  ?''h.  note  #133,  BNL,  1989. 


Figure  2.  Current  [  .Ise  falling  edge  with  tail-bitting. 


Figure  4,  Currer;  sulse  .vaveforin  with  laii-bitling 


-  MlCHO-C.-ir  lb  a  [iro<luct  of  Spectrui"  Software,  liio  , 
S'unnyvale.  CA  U103G  MATRIXy  is  a  trademark  of  In¬ 
tegrated  Sibleiiis  Inc  ,  Santa  Clara.  CA  9505-1 


1001 


On  the  Design  of  Beam  Absorbers  for  the  SSC 


Bi«t  Parker 

Accelerator  Design  and  Operation  Division^ 
Superconducting  Supercollider  Labwatwy 
2SS0  Beckleymeade  Avenue 


Dallas,  TX 

Abstract 

The  20  TeV  beam  absorbers  for  the  Superconducting  Super 
Collider  (SSC)  present  a  formidable  design  challenge.  Protons 
from  the  SSC  will  have:  20  times  the  energy,  be  20  times 
harder  to  bend,  and  be  distributed  with  a  natural  transvers-size 
times  sntaller  than  from  all  previous  accelerators.  This 
paper  concentrates  on  the  thermo-physical  demands  made  on  a 
be^  backstop  in  terminating  20  TeV  protons.  In  particular 
radiation-shielding,  logic,  control,  and  beam  diagnostic 
requirements  will  not  be  discussed!  1].  We  will  report  on 
Monte  Carlo  simulations,  made  using  the  MARS  10  code  of 
N.  Mokhov(2],  which  provides  a  basis  for  evaluating  beam 
spreading  and  painting  scenarios.  The  merits  of  various 
standard  painting  schemes  are  then  discussed.  Finally  we 
present  some  new  options  for  spreading  the  beam  spot  which 
are  currently  under  investigation. 

1.  INTRODUCTION 

The  SSC  parameters  relevant  to  the  design  of  beam  absorbers 
are  shown  in  Table  1.  Note  that  the  produ:t  of  the  energy  per 
proton  and  the  number  of  protons  per  beam  gives  a  circulating 
energy  of  420  megajoules  for  each  collider  ring.  This  kinetic 
energy  is  roughly  equivalent  to  the  amount  dissipated  in  an 
8S0  car  freeway  chain-reaction  accident;  obviously  this  much 
energy  must  be  absorbed  in  a  controlled,  safe  and  reliable  way. 

Table  1. 

SSC  Parameters  Relevant  to  Beam  Absorber  Design 


Proton  Energy 

2-20  TeV 

Design  Luminosity 

1033 

Circumference 

87.12  km 

Revolution  Time 

290  ps 

Abort  Gap 

3  ps 

Fractional  Momentum  Spread 

-6  X  10-5 

Bunch  Length 

5-6  cm 

Bunch  Spacing 

5  m 

Number  of  Bunches  Per  Ring 

17,424 

Protons  Per  Bunch 

3/4  X  lOlO 

Protons  Per  Ring 

1.3  X  10l4 

The  beam-abort  system  is  specified  to  be  fast-acting  and 
capable  of  single-turn  (-300  ps)  extraction  of  the  entire  beam 
from  a  ring  within  three  turns  of  the  generation  of  an  abort 
signal[l].  Fast  kicker  magnets  will  dispatch  the  beam  through 
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the  field-free  region  of  a  string  of  Lambertson-style  septum 
magnets,  down  a  separate  -2  km  long  channel  and  ' 
multi-layer  beam  backstop.  The  central  backstop-core  will 
consist  of  graphite  10  m  in  extent  and  2  m  in  diameter. 
Surrounding  tlw  graphite  will  be  additional  radiation-shielding 
and  monitoring  devices.  Graphite  will  be  used  for  the  corn- 
region  both  to  diminish  the  long-term  production  of  residual 
radioactivity  and  to  maximize  design-robustness  (by 
longitudinally  spreading  the  shower  energy-depo.sition). 

2.  METHODOLOGY 

The  high-energy  cascade  showers  resulting  from  20  TeV 
protons  are  simulated  using  the  MARS  series  of  computer 
code  of  N.  Mokhov[2].  The  current  version.  MARS  12,  runs 
efficiently  under  VMS™,  DOS  and  UNIX™  operating  systems 
on  sever^  different  computers.  The  MARS  code  reproduces 
existing  inclusive  particle-spectra  from  Tevatron  energies 
through  thermal-neutron  capture[3,4].  A  comparison,  shown 
in  Figure  1,  made  between  MARS  and  the  codes  FLUKA87(5] 
and  CAS1M[6]  exhibits  good  agreement[4]. 


z  (cm) 

Fig.  1.  The  longitudinal  energy  deposition  (GeV/cm)  for  20  TeV 
protons  incident  on  graphite  calculated  using  MARS  10 
(histogram),  FLUKA87  (curve)  and  CASIM  (dash)[4]. 

Recent  calculations,  made  with  a  new  GHEISHA/GEANT 
version,  are  also  in  agreement  with  MARS  results[7J.  Since 
the  physics  of  shower-cascades  scales  as  log(s ).  (s  =  total 
energy  squared)  our  predictions  for  energy-deposition  in  the 
beam  backstop  should  be  reliable;  this  is  in  contrast  to  the 
situation  for  processes,  which  are  much  more  sensitive  to 
details  of  exclusive  reaction  channels,  such  as  muon- 
production  at  the  SSC  interaction  points. 
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We  present  results  for  the  instantaneous  temperature  rise, 
derived  from  a  material's  thermo-physical  properties  (i.e. 
enthalpy  reserve  =  heat  needed  to  raise  material's  temperature) 
under  the  premise  that  the  energy  is  deposited  everywhere  at 
the  same  instant  in  time.  Such  an  approximation  is  suitable 
for  the  short,  290  ps,  beam  spill  time  and  facilitates  the 
interpretation  of  beam  heating  in  terms  of  temperature  cracking 
or  melting  limits. 

3.  RESULTS 

For  the  core  of  the  beam  backstop,  it  is  desirable  to  choose  a 
material  with  a  high  cracking/melting  temperature  and  low 
density  (to  spread  the  shower  longitudinally  as  much  as 
possible);  for  these  reasons,  graphite  is  a  natural  choice. 
Carbon's  low  atomic  number,  also  helps  to  reduce  the  amount 
of  long-term  induced  radioactivity  due  to  spallation  fragments. 
A  reference  plot  of  Ar(r,t),  the  radially-symetric  temperature 
disuibution,  due  to  a  round-Gaussian  (oslOcm)  beam  profile 
incident  along  the  axis  of  a  graphite  core,  is  shown  in  Figure 
2.  for  1.3x10*^  protons  (=10^3  luminosity). 
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Fig.  2.  Radially-symetric  temperature  rise  calculated  for  1.3x10^^ 
protons  incident  on  graphite  for  a  round-Gaussian  beam  profile 
and  20  TeV.  The  heating-maximum,  670°  C,  occurs  on  axis  at 
2S0— -300  cm  longitudinal  distance. 

Along  the  z-axis,  where  the  beam  is  most  intense,  the 
temperature  profile  follows  the  longitudinal  energy  deposition 
curve  shown  ir  Figure  1  and  away  from  the  axis  the 
temperature  rise  ^  modulated  by  the  assumed  Gaussian  beam 
profile.  For  this  and  subsequent  comparisons,  in  each  case,  we 
have  made  simulations  for  17k  incident  protons  which  yields 
few  percent  statistical  errors  at  the  shower  maximum.  Note 
that  as  the  hadronic  (and  electromagnetic)  shower  starts,  there 
is  a  rapid  rise  in  the  rate  of  energy  deposition  followed  by  a 
maximum  that  is  reached  about  3  m  (or  7  interaction  lengths) 
spanning  a  length  of  3  m. 

For  a  fixed  beam  intensity,  the  variation  of  the  maximum 
instantaneous-heating  with  beam  size  is  shown  in  Figure  3. 
Since  a  material's  specific  heat  varies  with  temperature,  the 
integration  of  its  specific  heat  curve,  its  enthalpy  reserve,  will 
not  be  a  linear  function  of  temperature  change  for  large 
changes.  The  con  .olution,  for  graphite,  between  its  enthalpy 


reserve  and  a  variation  of  beam  size  gives  an  approximate 
scaling.  A  relevant  design  limit  {AT  =  2300°  for 
graphite)  known  as  the  fracture  limit  is  indicated  on  Figure  3. 


Fig.  3.  Temperature  rise  as  a  function  of  beam  o  for  1.3X10^'' 
protons  incident  on  graphite  at  20  TeV  . 

This  limit,  which  is  lower  that  graphite's  melting  point, 
comes  from  thermal  shock  considerations[8}.  It  is  prudent  to 
maintain  an  operating  margin  that  reflects  systematic 
uncertainties  in  the  simulation  and  so  as  not  to  preclude  future 
luminosity  (via  beam  current)  upgrades. 

A  10  cm  beam  spot,  obtained  from  magnetic  quadrupolc- 
focusing,  satisfies  the  above;  however,  a  prohibitive  amount 
of  defocusing  strength  is  required  because  of  the  SSC  (~.l 
mm)  beam  size  and  momentum.  An  extension  is  to  defocus 
asymmetrically  in  one  dimension  (horizontal)  and  sweep  the 
be^  spot  with  a  slow  kicker  magnet  in  the  other  transvers 
dimension  (vertical).  Unfortunately,  the  presence  of  too  large 
a  magnification  in  any  plane  drives  a  need  for  unacceptably 
large  abort  line  ^lertures.  One  is  soon  led  to  consider  beam 
painting  schemes.  In  Figure  4  we  show  a  beam  profile  that 
corresponds  to  the  baseline  CDR[1]  "spiral  kicker"  scheme. 
For  the  CDR  approach  one  uses  two  set  of  orthoginal,  fast 
damped-magnetic  kickers,  along  with  limited  magnification, 
to  move  the  beam  spot  on  the  backstop  face.  Note  that  the 
damping  causes  beam  pileup  on  the  inner  face  of  the  spiral 
which  sets  an  inner  limit  for  painting.  Also  if  the  phase 
relationship  of  between  the  orthoginal  kickers  of  90°  is  not 
maintained,  an  oval  beam  spot  (as  shown  in  Figure  S)  results. 


CDR  Spiral  Painting  Scheme 
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Fig.  4.  Nominal  beam  profile  for  CDR  spiral  painimg  scheme. 
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4.  FUTURE  PROSPECTS  &  CONCLUSIONS 


CDR  Spiral  Pointing  Scheme 


Horizontal  Position  (cm) 


Fig.  S.  CDR  spiral  painting  with  phase  slippage. 

A  raster-pattern  (shown  in  Figure  6)  can  be  created  via  a 
combination  of  fast  and  slow  kickers.  Such  a  painting  scheme 
with  less  needed  fast-kicker  strength  and  vastly  reduced 
sensitivity  to  phase  errors,  is  expected  to  be  more  reliable  than 
the  CDR  spiral  plan;  however,  there  is  some  beam  pile  up 
near  the  outer  edges  of  the  raster  pattern. 


Raster  Painting  Scheme 
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Fig.  6.  Beam  profile  for  raster  painting  scheme. 

Attempts  have  been  made  to  mitigate  this  edge  concentration 
by  the  addition  of  nonlinear  (sextupole,  octupole  etc.) 
magnetic  elements  to  the  abort  channel  in  a  manner  similar  to 
that  suggested  by  B.  Blind[91.  The  addition  of  nonlincarities, 
while  helpful  in  spreading  (or  folding)  the  pattern  cuigcs, 
reintroduces  some  sensitivity  to  initial  beam  position  offsets 
at  the  beginning  of  the  abort  channel.  The  addition  of  a  short 
sextupole  would  be  beneficial  if  it  is  found  convenient  to  have 
moderate  kicker  damping  (-20%  over  the  300  ps  spill).  A 
properly  placed  sextupole  could  be  used  to  "square  up"  the 
resulting  trapazoidal-shape  raster  pattern  (Figmre  not  shown). 

It  has  been  suggested  to  place  a  series  of  thin  targets  well 
upstream  of  the  beam  backstop  to  further  spread  the  beam; 
however,  simulations  show  that  a  few  radiation  lengths  of 
material  will  ackl  little,  about  a  pradian,  to  the  beam  divergence 
at  20  TeV.  Such  a  plan  would  place  an  intense  radiation 
source  undesirably  close  to  the  collider  tunnel. 


At  present  a  raster-scan  based  technique  is  the  most  promising 
and  budget-friendly  approach.  Future  detailed  design  work 
calculations  will  revisit:  shielding  and  radiation  requirements, 
muon  vectors  etc.  Also  work  is  underway  to  investigate  the 
feasibility  of  using  unconventional  components  to  eliminate 
either  the  kicker  magnets  or  the  conventional  quadrupoles. 

Preliminary  studies  using  the  code  TBCIflO]  suggest  it  might 
be  possible  to  use  the  beam's  wake-field  to  excite  transverse- 
deflection  modes  of  a  passive  beam-tube  insert.  We  are 
examining  candidates  in  terms  of  enhancing  wake-fleld  effects. 
If  a  suitable,  simple  and  inexpensive  sunicture  is  found,  one 
could  imagine  repeating  said  structure  many  (10^—10^)  times 
near  the  beginning  of  the  abort  channel.  With  sufficient 
repetition  and  enough  bunches  participating  (a  modest  faction 
of  17,000),  a  useful  increase  of  beam  emittance  may  be 
possible.  Such  a  passive  "bcam-spoiler"  has  the  advantage  of 
being  fail  safe.  Also  the  magnitude  of  the  effect  would 
automatically  track  increases  in  beam  current  for  upgrades. 

For  the  conventional  quadrupole  magnets,  which  must  be 
powered  continuously,  one  might  consider  using  a  plasma 
icns[l  1]  or  pulsed  quadrupole[I2].  Some  of  the  very  effects 
that  limit  the  applicability  of  these  devices  (beam-plasma 
scattering  and  nonlinear  aberrations)  would  be  bcncfic'al  in  this 
case.  The  tradeoff  for  such  devices  would  be  betwix  ^uced 
power  consumption  vs.  an  increased  system  complexity. 
Maybe  the  ultimate  (pie  in  the  sky)  bcam-spoiler  could  use  a 
self-excited  plasma  inside  a  self-excited  cavity;  who  knows. 
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Abstract-  In  this  paper  we  present  a  simulation  on 
thyristor  converters.  The  simulation  features  non¬ 
linearity,  non-uniform  firing,  and  the  commutations. 
Several  applications  such  as  a  current  regulation,  a 
converter  frequency  characteristics  analysis,  and  a 
power  line  disturbance  analysis  will  be  presented. 

I.  Introduction 

A  thyristor  converter  is  often  modeled  as  a  zero- 
order  hold,  a  fii-st  order  or  second  order  Pade  approxi¬ 
mations,  or  a  time  delay.  The  applications  of  these 
models  are  restrictive  according  to  the  circumstances. 
First  of  all,  the  thyristor  converter  is  a  device  that  is 
in  nature  controlled  by  firings.  Therefore  the  converter 
is  a  nonuniformly  sampling  element.  Secondly,  the 
sampled  bridge  sine  waveforms  produce  different  small 
signal  gains  according  to  the  firing  angles  and  the  con¬ 
verter  voltage  output  levels  In  the  third,  other 
phenomena  such  as  commutations  sometimes  change 
the  converter  phase  and  gain  cUaiacteristics  dramati¬ 
cally. 

To  a  large  class  of  thyristor  converter  applica¬ 
tions  we  may  eventually  need  a  simulation  that  helps 
in  the  analysis  as  well  as  in  the  system  design. 

In  this  paper  we  present  a  simulation  pro¬ 
grammed  in  a  high  level  language  MATLAB.  The 
MATLAB  is  basically  designed  for  linear  system 
analysis  and  signal  processing.  The  simulation  package 
consists  of  two  aspects.  One  aspect  represents  the  non- 
linearities  of  the  converter  caused  by  the  bridge 
waveforms,  thyristor  firings,  and  commutations,  and 
another  aspect  contains  the  linear  system  analysis  and 
signal  processing. 

We  also  present  in  this  paper  with  some  applica¬ 
tions  such  as  a  current  regulation  analysis,  an  analysis 
of  the  converter  frequency  characteristics,  and  an 
analysis  of  the  power  line  disturbance  effect  for  a 
thyristor  converter  magnet  driver. 

Work  performed  under  the  auspices  of  the  U.S  Department  of 
Energy 

0-7803-0135-8y91$01.00  ©IEEE 


n.  Simulation 

In  the  thyristor  converter  simulation,  we  adopt 
the  ramp  comparator  firing  principle.  The  simulations 
are  based  on  a  3  phase  AC  power  supply  system,  and 
the  fundamental  parameters  for  the  converter  simula¬ 
tion  can  be  listed  as  the  follows.  1).  Number  of  pulse. 
2).  Amplitude  and  phase  of  the  bridge  sine  waveform 
for  each  phase  or  each  pulse.  3).  Simulation  steps  and 
times.  4).  Fundamental  bridge  waveform  frequency.  5). 
Firing  range.  6).  Ramp  slope.  7).  Ramp  position.  8). 
Input  signal. 

With  a  setting  of  all  these  parametere,  we  can 
have  a  fundamental  simulation  that  does  not  include 
any  commutation,  distortion,  and  voltage  or  current 
regulations.  Since  the  commutation  affects  the  system 
power  factor,  the  voltage  ripple,  and  causes  additional 
phase  delay  in  the  regulation  loops,  it  is  important  in 
the  thyristor  power  conversion  system  analysis.  Tak¬ 
ing  advantage  of  the  computing,  we  use  prevalent  con¬ 
ditions  in  the  simulation  to  determine  the  commuta¬ 
tion.  For  example,  at  each  step  we  update  the  >oad 
current  by  using  the  linear  system  analysis  commands 
and  then  use  it  along  with  the  bridge  voltage 
waveform  to  calculate  the  commutation.  Thus,  possible 
errors  generated  from  the  converter  output  current  and 
voltage  estimations  can  be  eliminated. 

The  parameters  that  are  necessary  in  the  con¬ 
verter  simulation  with  commutations  are  the  follows. 
9).  Load  transfer  function.  10).  Bridge  line  inductances. 
Also  possible  the  circuit  resistances  and  the  thyristor 
voltage  drops. 

Very  often  a  converter  is  controlled  by  either  a 
voltage  or  a  current  regulation  loop.  To  simulate  a 
high  order  dynamic  system  that  includes  nonlinear 
components  is  a  hard  task.  For  a  thyristor  converter, 
however,  there  exists  a  simple  solution.  It  is  interest¬ 
ing  to  notice  that  after  firing  the  converte;  voltage  is 
simply  determined  by  the  bridge  sine  waveform  until 
the  next  firitig  This  provides  considerable  convenience 
in  the  converter  regulation  simulation.  Taking  the 
advantage,  the  simulation  is  in  fact  executed  periodi¬ 
cally  alike  an  open  loop  calculation  tliat  saves 
significant  computations  and  tlierefore  gives  rise  to  a 
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possibility  to  realize  the  simulation. 

The  parameters  necessary  for  the  regulated  con¬ 
verter  simulation  are  therefore  the  follows.  11).  The 
transfer  function  of  the  voltage  senser  and  the  filter. 
12).  The  transfer  function  of  the  regulator. 

With  all  these  parameters  defined,  in  Fig.l  we 
show  the  simulation  for  a  21  pulse  converter  that  is 
controlled  by  a  voltage  feedback  loop  and  is  driving  a 
magnet.  Fig.la  is  with  a  low  loop  gain,  and  Fig. lb 
•shows  the  result  with  high  loop  gain. 

m.  Current  Regulation 

We  simulate  a  12  pulse  converter  current  regula¬ 
tion  system  under  certain  conditions.  In  this  simula¬ 
tion,  using  popular  models  to  the  thyristor  converter 
such  as  the  first  order  phase  delay  and  the  second  Fade 
approximations  to  the  time  delay  with  the  statistical 
sampling  time  gives  rise  to  untrue  stability  margin  and 
oscillation  frequency. 

In  fact,  the  models  used  to  analyze  the  system 
should  be  modified  according  to  the  operation  condi¬ 
tions  that  include  the  number  of  pulse,  the  converter 
voltage  output,  the  bridge  voltage,  and  the  commuta¬ 
tions,  In  this  simulation,  for  example,  the  results  are 
quite  different  if  we  include  the  effect  of  the  commuta¬ 
tions.  In  Fig.2  we  show  the  two  converter  current 
wavefornts  with  the  same  conditions  except  the  latter 
is  with  a  current  commutation,  that  helps  to  stabilize 
the  system.  We  may  conclude  that  in  a  system 
analysis  which  utilizes  models  the  converter  simulation 
can  be  used  to  modify  a  model  and  then  use  it  to  ver¬ 
ify  the  design. 

IV.  Frequency  Characteristics 

It  is  often  of  interest  to  know  the  thyristor  con¬ 
verter  frequency  re.sponse  characteristics.  These  proper¬ 
ties  include  the  phase  delay  and  gain  variation  to  sig¬ 
nals  with  different  frequencies,  i.e.  the  Bode  plot;  the 
phase  delay  and  gain  variation  to  signals  with  the 
same  frequency  but  different  phases;  and  the  gf.in  vari¬ 
ation  at  different  converter  voltage  output  F'.els.  With 
digital  Fourier  transform,  the  simulation  provides  a 
possibility  for  a  thorough  study  of  these  issues. 

Due  to  the  limited  data  available  in  the  simula¬ 
tion,  the  analysis  technique  is  different  from  the  real 
time  test.  The  following  problems  deserve  attentions  in 
the  frequency  domain  analysis. 

The  error  introduced  in  the  digital  Fourier 
transform  usually  belongs  to  the  picket-fence  effecc,  the 
aliasing  and  the  leakage.  Letting  the  sampling  time  be 
very  small  compared  with  the  interested  signal  fre¬ 
quencies  and  enlarging  the  sampling  data  number  can 
easily  solve  all  the  problem.  Unfortunately  both 
implies  to  increase  the  number  of  the  data,  and  that  is 
a  difficult  object  in  simulation.  It  is  therefore  neces¬ 


sary  to  find  a  solution  that  will  suit  the  conditions  in 
the  simulation  and  yield  only  tolerable  errors.  First,  we 
should  define  a  number  of  simulation  steps  that  is  suit¬ 
able  for  FFT  package.  Secondly,  we  should  define  a 
sampling  period  that  along  with  the  sampling  data 
number  gives  rise  to  a  frequency  resolution  that 
matches  the  input  signals.  This  will  greatly  reduce  the 
error  caused  by  the  picket-fence  effect  and  the  leakage. 
Third,  of  course,  the  useful  signals  in  the  analysis 
should  be  placed  close  to  the  origin  of  the  frequency 
range  of  the  Fourier  analysis  in  order  to  avoid  possible 
aliasing. 

V.  Power  Line  Disturbance  Simulation 

A  thyristor  converter  directly  powered  from  the 
power  line  is  sensitive  to  the  variations  from  the  power 
grid  and  the  local  power  .stations.  Due  to  the  limited 
converter  sampling  frequency  the  disturbances  may 
affect  the  load  current  immediately  and  then  the  dis¬ 
turbance  is  corrected  gradually  by  regulations.  A  test 
for  the  effect  of  such  a  disturbance  is  difficult,  while  a 
simulation  becomes  a  straightforward  means  in  the 
analysis. 

To  reject  the  power  line  disturbances,  a  voltage 
regulation  loop  becomes  necessary.  We  show  an  exam¬ 
ple  for  a  sophisticated  converter  system  that  is  pro¬ 
posed  for  the  Brookhaven  AGS  Booster  Accelerator 
main  magnet.  The  system  consists  of  6  stations,  each 
station  is  a  lOOOV  24  pulse  converter.  In  the  operation, 
the  stations  turn  on  subsequently,  and  when  the  mag¬ 
net  current  reaches  the  peak  the  converters  turn  to 
energy  invert.  The  magnet  current  repeatability 
requirement  is  very  critical  to  the  particle  beam  ex  ic- 
tion  and  therefore  the  power  line  disturbance  should  be 
eliminated  to  the  minimum.  In  Fig.3,  we  show  the 
simulated  converter  voltage  output  waveform.  In 
Fig.4,  we  show  the  magnet  current  error  ratio  due  to  a 
1  percent  step  power  line  disturbance  that  occurred  at 
Sms  from  the  beginning  of  the  cycle,  that  present  a 
0.12  percent  repeatability  for  the  disturbance.  We  may 
conclude  that  some  other  technique  is  necessary  in 
order  to  further  improve  the  magnet  current  repeata¬ 
bility  that  is  required  to  be  under  0.1  percent. 
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Figure  Captions 


Fig.  la  Converter  Voltage  Waveform  with  Low  Loop  Gain 

V 


Fig.  lb  Converter  Voltage  Waveform  with  High  Loop  gain 


V 


Fig.  Sa  Current  Regulation,  without  Commutation.  From  Top  to 
Bottom,  Gain  U  ffom  Low  to  High. 


Fig.  2b  Current  Regulation,  with  Commutation.  From  Top  to  Bot¬ 
tom,  Gain  is  from  Low  to  High. 


Fig.  9  AGS  Booster  Main  Magnet  Voltage  Waveform 
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Fig.  4  Current  Error  Ratio  due  to  Power  Line  Disturbance 
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Abstract 

In  order  to  reduce  the  dark  current  from  disk  edges  in  the 
traveling  wave  accelerator  structure  at  field  gradient  up  to  80 
MV/m,  a  new  type  of  disk  was  proposed  which  consisted  of  a 
part  of  Titanium  around  the  beam  hole  area  and  a  part  of  OFHC 
outer  ward.  These  two  parts  are  joined  by  a  hot  isostatic 
pressing  (HIP)  technique.  HIP  makes  diffusion  bonding  at 
temperatures  ranging  from  700  to  850  °C  at  an  isostatic  Ar  gas 
pressure  of  1,200  kgf/cm^  in  a  pressure  vessel.  All  samples 
showed  the  vacuum  leak  rate  of  less  than  lO*^  Torr«l/sec  and 
tear  strength  of  about  6.4  kgf/mm^  in  the  reaction  zone  between 
two  metals. 

I.  INTRODUCTION 

The  accelerating  gradient  of  the  Japan  Linear  CoUider(JLC) 
is  100  MVAn  for  the  X-band  main  linac  and  50  MV/m  for  the  S- 
band  injector  and  the  pre-accelerator.  We  have  already  achieved 
the  acceleration  of  the  electron  beam  of  0.9  A  and  pulse  width 
of  0.2  ^sec  by  the  traveling  wave  0.6  m  long  structure  at  the 
gradient  of  85  MV/m  with  Ipsec  RF  pulse  duration  at  50  Hz 
[1].  At  this  gradient,  however,  the  dark  current  is  very  large 
from  disk  edges  and  breakdown  occurs  frequently,  while  at  70 
MV/m,  beam  acceleration  is  made  fairly  stably.  It  seems 
feasible  to  t^rate  the  accelerating  structure  at  this  gradient  for 
the  practical  use  after  a  reasonable  processing  period.  In  this 
sense,  the  operation  of  50  MV/m  at  S-band  is  quite  promising. 

Experimental  studies  on  the  upper  limit  of  the  electric  field 
strength  in  conventional  disk  loaded  structures  and  single 
cavities  have  been  reported  from  several  laboratories  [2][3]. 
From  these  studies,  there  found  many  factors  to  be  discussed 
concerning  RF  breakdown  phenomenon  with  dark  current  such 
as  surface  finish,  micro  dusts,  electron  multiplications  and 
vacuum  conditions,  etc.  However,  the  fundamental  mechanism 
of  the  RF  breakdown  is  not  yet  clear.  As  is  appeared  in 
references  [4]  and  [5],  the  electron  multiplications  at  disk  edges 
is  a  main  reason  to  limit  the  accelerating  gradient  and  the  other 
factors  such  as  surface  cleanness,  surface  finish  and  vacuum 
conditicxis  were  not  serious  problems  [6].  In  order  to  reduce  the 
daric  current  and  increase  the  upper  limit  of  RF  breakdown,  we 
designed  a  new  disk  which  was  consisted  of  two  metals, 
OFHC  and  Titanium(Ti-6Al-4V).  As  the  secondary  electron 


emission  coefficients  of  Titanium  is  less  than  unity,  the  beam 
hole  of  a  disk  is  designed  to  be  made  of  Titanium.  We  applied 
diffusion  bonding  by  hot  isostatic  pressing  to  join  Titanium  to 
OFHC.  We  made  the  coaxial  columnar  blocks  with 
OFHC(outcr)  and  Titanium(inner)  by  this  technique.  This  paper 
describes  the  preliminary  results  of  characteristics  of  HIP 
diffusion  bonded  OFHC-Titanium  metals. 

n.  Experimental  procedures 

A.  Hot  Isostatic  Pressing 

Hot  isostatic  prcssing(HIP)  is  a  thermomechanical  process 
for  materials  that  makes  use  of  applied  gas  pressure  in  order  to 
achieve  high  density  and  diffusion  bonding  in  the  treated 
material.  HIP  subjects  generally  a  material  to  pressures  as  high 
as  2,000  kgf/cm^  and  temperatures  up  to  2,000  “C  in  a  pressure 
vessel.  The  source  of  the  heat  is  a  furnace  within  the  pressure 
vessel,  holding  temperatures  well  below  the  melting  point  of  the 
material  being  processed.  This  method  can  be  used  for  a  wide 
range  of  materials  such  as  metals,  ceramics  and  composites. 

B.  Materials  Characteristics 

HIP  was  applied  to  diffusion  bonding  of  OFHC  cylinders 
and  Titanium  bars.  The  chemical  compositions  of  the  samples 
are  listed  in  Table  1 .  The  composition  of  the  OFHC  is  very  high 
quality  type  and  the  Titanium  corresponds  to  the  Japanese 
Industrial  Standards(JIS)  type. 

Table  1 


Chemical  composition  of  OFHC  cylinders 


MATERIAL 

CHEMICAL  COMPOSmON  (%) 

OFHC 

PB  ZN  Bt  CD  HG  0  P  S  SE  IE 

S  <1  <1  <1  <1  3  2  8  <1  <1 

TI-6A1-4V 

CHEMICAL  COMPOSITION  (%) 

H  0  N  r«  C  AI  V 

*88  0.18  0.017  0.23  0.019  6.34  4.13 

•  ppm  (xlO-6) 


C.  Fabrication  Methods 

Samples  of  OFHC  cylinders  and  Titanium  bars  were 
machined  from  each  columnar  block.  The  surface  finishCRMS) 
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of  the  inner  wall  of  OFHC  is  less  than  0.5  fim  and  the  one  of 
Titanium  bar  is  less  than  0.2  ^m.  Dimensions  of  these  samples 
are  listed  in  Table  2. 

Table  2 


Dimensions  of  samples 


OFHC 

TI-6A14V 

DIAMETER  OUTER 

0  110  ±  0.1mm 

0  40  -O.OS/-O.Omm 

INNFJl 

0  40  +0.05/+0.0mm 

LENGTH 

110  ±  0.1  mm 

110  ±  0.1  mm 

SURFACE  RNISH 

<  0.5  pm 

<  0.2  pm 

(RMS) 

INNER  WALL 

OUTER  WALL 

These  metals  were  cleaned  by  acetone  and  then  Titanium  bar 
was  set  inside  of  OFHC  cylinder.  The  sample  was  placed  into  a 
completely  leak-tight  soft  iron  capsule.  These  capsules  were 
pumped  down  at  less  than  10*3  Torrand  then  scaled-off. 

The  results  at  three  different  temperatures,  700  °C,  750  "C 
and  800  °C  were  obtained  in  a  HIP  cycle  in  a  pressure  vessel . 
An  isostatic  pressure  was  held  at  1,200  kgf/cm^  by  pure  Ar  gas 
for  2  hours.  Above  parameters  for  HIP-cycle  (temperature, 
pressure  and  holding  time)  are  based  on  metallurgical  and 
economical  considerations.  A  schematic  view  of  the  HIP-cycle 
is  shown  in  Figure  1. 


Pressure  Vessel 


Time 


Figure  l.HIP  diffusion  bonding  process. 

III.  Experimental  results 

A.  Micro  structures 


these  three  different  temperatures  the  grain  growth  of  whole 
OFHC  and  Titanium  was  not  observed.  The  micro-structures  of 
a  HIP  sample  and  a  forged  OFHC  are  shown  in  Figure  2.  The 
forged  OFHC  is  generally  involves  large  number  of  micro¬ 
pores  of  a  size  of  a  few  pm  at  grain  boundary.  Figure  2  shows 
that  the  micro-pores  disappeared  in  HIP  processed  OFHC. 
Moreover,  HIP  processed  OFHC  is  much  more  homogeneous 
than  forged  OFHC.  Titanium  is  free  from  porosity  even  in 
forged  material. 


Figure  2.  An  optical  micrograph  showing  forged  OFHC(lcft) 
and  HlP-OFHC(right)  at  temperature  of  800  ®C  and  the  isostatic 
pressure  of  1,200  kgf/cm^  for  2  hours. 


B.  Reaction  Tjone 


The  width  of  HIP  reaction  zone  in  three  samples  were 
ranging  from  7.3  pm  to  20  pm  corresponding  to  applied  HIP 
temperatures.  These  reaction  zone  were  etched  and  measured 
by  an  scanning  clccPon  microscope  as  shown  in  Figure  3. 


lOFHC  L-.-.  V  , 

>  Titanium 


The  quality  of  HIP  was  studied  with  metallographical 
measurements  (optical  microscope  and  scanning  elccpon 
microscope)  and  mechanical  tests.  At  three  different  HIP 
tempcratures(700  ®C,  750  °C  and  800  °C)  with  an  isostatic 
pressure  of  1,200  kgf/cm^  for  2  hours,  all  samples  became  fine 
micro-strucuPe  and  well  homogeneous.  In  this  experiment  at 


Figure  3.  Scanning  electron  micrograph  of  HIP  processed 
OFHC-Titanium  sample. 

Figure  3  shows  the  reaction  zone  between  two  materials  which 
indicates  that  quality  is  high  and  porosities  and  impurities  are 
not  seen.  The  x-ray  analysis  of  reaction  zone  in  Figure  3  shows 
the  contents  of  OFHC  and  Titanium  in  the  reaction  zone. 
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C.  Mechanical  Properties 


The  quality  of  HIP  was  studied  with  mechanical  tests  and 
metallographical  measurements.  The  tear  strength  was 
measured  using  a  plates  with  a  thickness  of  2  mm  which  were 
JIS  standard  tear  test  specimens  as  shown  in  Figure  4.  Five 
specimens  were  machined  from  each  sample.  The  reaction  zone 
is  in  the  middle  of  the  gauge  length. 


diffusion  zone  ^  t  -  2 

UNIT :  mtn 

Figure  4.  JIS  standard  tear  test  specimen.  Viewing  firom  top. 

We  obtained  the  tear  strength  of  6.4  kgf/mm^  in  average  for 
the  three  different  HIP  temperatures.  The  minimum  value  of 
strength  was  4.9  kgf/rnm^.  Figure  S  shows  the  tear  strength  of 
all  the  specimens,  which  docs  not  depend  on  HIP  temperature. 
All  of  the  test  specimens  were  fractured  at  inside  of  reaction 
zone  where  the  concentrations  of  OFHC  and  Titanium  were 
equal. 

The  vacuum  leak  rate  of  the  reaction  zone  is  well  blow 
ToiT«l/sec. 


700  750  800 

HIP  TEMPERATURE  (DEG.  C) 


Figure  5.  Tear  strength  by  JIS  standard  test. 

IV.  DESIGN  OF  DISK  STRUCTURE 
A.  Calculation  of  Q 

The  new  disk  shucture  is  designed  for  conventional  disk 
loaded  structure  which  is  consisted  of  HIP  bonded  OFHC  and 
Titanium  metals.  The  calci  lated  results  of  Q  value  by  the  use  of 
MAFIA  coed  was  12, (XX)  for  the  2jt/3  mode  It  is  about  14  % 


lower  than  the  normal  cavity  which  is  made  of  only  with 
OFHC.  The  dimensions  and  drawing  of  the  cavity  are  shown  in 
Figure  6. 


Figure  6.  Titanium  bonded  disk  structure. 

V.  SUMMARY 

HIP  diffusion  bond  of  OFHC  and  Titanium  was 
successfully  made  at  temperatures  ranging  from  7(X)  ’’C  to  8(X) 
®C  and  the  pressure  of  1,2(X)  kgf/cm^  for  2  hours.  The  micro- 
pores  in  the  OFHC  are  disappeared  with  HIP  processing. 
Quality  of  the  reaction  zone  is  high  and  it  is  free  from  porosities 
and  impurities.  The  minimum  tear  strength  of  reaction  zone  is 
4.9  kgf/mm^.  The  vacuum  leak  late  of  reaction  zone  is  less  than 
Kk^  Torr>l/sec.  The  calculated  Q-value  of  Titanium  bonded  disk 
was  12, (XX).  These  results  indicate  that  the  Titanium  bonded 
disk  can  be  ^plied  to  high  gradient  accelerator  structures. 
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Abstract 

Candidates  of  the  accelerating  structure  for  realizing  an 
operation  in  a  multi-bunch  mode  in  a  linear  collider  were 
described.  The  external  Q  value  of  the  TMllO-n  mode  in  a 
damped  structure  with  slotted  disk  is  very  sensitive  to  the 
geometry.  It  was  found  impossible  to  reduce  the  Q  value  less 
than  100  for  a  structure  with  a  beam  hole  radius  of  a=s3.7Smm, 
while  it  can  be  as  low  as  12  for  the  structure  with  a  small 
beam  hole  of  a=3mm.  Furthermore,  calculation  for  one  of 
such  a  structure  showed  the  reduction  of  the  Q  value  of  the 
accelerating  mode  20  percent  and  that  of  R/Q 10  percent.  As  a 
candidate  of  damped  structure  whose  Q  value  of  the  TMllO 
mode  is  insensitive  to  the  geometry  change,  a  so  called  crossed 
waveguide  type  was  examined  next.  Only  the  TElll  type 
mode  was  found  below  40GHz  and  no  other  mode  was 
observed,  indicating  this  structure  a  good  candidate.  An 
example  of  a  so  called  detuned  structure  showed  good  damping 
within  the  following  bunches. 


INTRODUCTION 

In  order  to  obtain  a  high  luminosity  in  a  linear  collider, 
the  emittance  of  each  bunch  should  be  maintained  small  to 
make  the  spot  size  at  interaction  point  small  enough.  The 
luminosity  can  still  be  increased  if  we  can  operate  the  linac  in 
a  multi-bunch  mode.  In  the  Japan  linear  collider  (JLC),  ten 
bunches,  each  contains  10^^  particles  and  spaced  Tb=  1.4ns 
apart  with  each  other,  are  accelerated  in  an  RF  pulse  using 
structures  with  aA  of  0.14[1].  The  energy  of  each  bunch 
should  reside  in  the  acceptance  of  final  focus  in  the  presence 
of  fundamental  beam  loading  and  also  the  long  range 
longitudinal  wake  fields  of  higher  modes.  On  the  other  hand, 
the  transverse  emittance  of  each  bunch  should  also  be 
preserved  in  the  presence  of  long  range  dipole  wake  fields.  In 
this  paper,  we  discuss  some  possible  cures  against  these 
multi-bunch  effects  in  the  linac  focused  on  transverse  case. 

The  simplest  way  of  cure  against  the  long  range  wake 
field  is  to  damp  the  excited  field  in  the  structure  before  the 
arrival  of  the  following  bunch.  This  can  be  achieved  in  a  so 
called  damped  su^ture.  Two  types  of  structures  are  discussed 
in  the  next  section.  Another  type  of  cure  is  considered  in  the 
following  section,  where  the  excited  wake  field  can  be 
cancelled  out  by  carefully  tuning  frequencies  of  ail  cells.  This 
structure,  so  called  detuned  structure,  is  primitively  described. 


DAMPED  STRUCTURE 

Typical  long  range  wake  fields  to  be  considered  in  the 
accelerating  structure  for  JLC  main  linac  are  summarized  in 
Table  1  together  with  the  target  values  Q(Target)  for  each 
mode(2]. 


Table  1  Relevant  long  range  wake  fields. 


Mode 

Ffcq. 

Wake 

Q  (Target) 

Longitudinal 

(GHz) 

(XI  0^5  V/C/m) 

TMOlO 

11 

0.5 

TM020&011 

26 

0.05 

TM021 

36 

0.09 

270 

Transverse 

(GHz) 

(Xl0l7v/c/m2) 

TMllO 

16 

1.1 

15 

TMlll 

26 

0.18 

38 

TM121 

36 

0.12 

61 

A.  Slotted'disk  type 

To  achieve  the  target  Q  value  especially  for  TMl  10  mode, 
we  investigated  two-cell  structure  (DS-1)  with  a  slotted  disk  at 
the  middle  of  two  cclls[2].  Two  waveguides  are  attached  to  the 
slots  so  that  the  TMllO-n  mode  can  be  damped  out  through 
these  waveguides.  In  this  configuration,  resonant  frequencies 
were  calculated  using  the  code  MAFIA(3)  by  varying  the 
shorting  position  in  the  damping  waveguides.  The  obtained 
tuning  curves  were  analyzed  by  the  authors  [2,4]  and  by  N. 
Kroll[S]  and  listed  in  Table  2.  The  results  indicate  that  the 
structure  which  suffices  the  criterion  of  the  Q  value  is  possible 
at  least  in  this  two-cell  cavity. 

Table  2.  Analysis  of  damped  sbucture  DS-1. _ 

This  author  N.  Kroll 


f(GHz) 

Q 

f(GHz) 

Q 

TMllO 

15 

15-25 

15.4 

11 

slot  mode  ? 

16.1 

7 

TMlll 

17 

25-30 

17.0 

15 

In  order  to  damp  the  wake  field  in  both  polarizations, 
which  is  needed  in  actual  linac  su-ucturc,  the  other  damping 
ports  perpendicular  to  the  previous  ones  should  be  equippcdlbj. 
An  example  is  shown  schematically  in  Figure  1,  where  the 
direction  of  the  damping  ports  at  one  disk  is  perpendicular  to 
that  at  the  next. 

The  obtained  external  Q  values  of  the  TMl  lO-rt  mode  for 
these  sU’uctures  are  listed  in  the  columns  of  DS-2  and  DS-3  in 
Table  3.  The  parameters  W,  HI  and  H2  were  varied  to  obtain 
as  low  Q  value  as  possible.  As  shown  in  the  table,  the  Q 
value  is  very  sensitive  to  the  structure,  especially  to  the  beam 
hole  aperture.  In  the  same  table  are  listed  the  paramctcis  of  the 
two-cell  cavity  DS-1  of  Table  1  and  KEK-B  scaled  to  1 1.4GH/. 
from  the  design  of  KEK-B  factory  [7].  These  examples  indicate 
a  good  damping  for  the  structure  with  a  small  beam  hole.  The 
damping  mechanism  of  this  structure  is  not  well  understood 
but  it  seems  that  the  low  Q  value  of  TMl  lO-n  is  difficult  to 
realize  in  the  structure  with  a  large  beam  hole,  'fhe  beam  hole 
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radius  of  JLC  accelerating  structure  is  larger  than  3.7mm  and 
it  seems  difficult  to  apply  this  type  of  suiicture. 


Fig.  I .  Schematic  drawing  and  geometry  of  damped  structure 
DS-2and  DS-3. 


Table  3.  Parameters  of  various  damped  structures  with  slots  in 


the  disk. 

(units 

in  mm) 

Param. 

KEK-B* 

DS-P* 

DS-2 

DS-3 

a 

2.23 

3.6 

3.75 

3.0 

b 

8.28 

10.6 

9.0 

9.0 

t 

2.23 

2.0 

2.0 

2.0 

nose 

1.78 

no 

no 

no 

g 

12.01 

6.75 

6.75 

6.75 

W 

4.45 

5.0 

4.0 

3.0 

HI 

3.55 

5.5 

5.5 

4.75 

H2 

6.54 

9.0 

7.5 

9.5 

WGX 

10.24 

11. 1 

10 

10 

WGZ 

9.35 

11.1 

14 

14 

cells 

2 

2 

periodic 

periodic 

OexfTMllOii) 

30 

15-25 

420 

12 

four  damping  ports  connected  to  the  slots  in  a  disk. 

**  only  two  ports  and  slots  in  the  same  plane. 

Table  4.  Parameters  of  accelerating  mode. 

param. 

NDLS 

DS-2 

a  (mm) 

3.75 

3.75 

b(mm) 

10.6 

9.0 

f(GHz) 

11.4 

11.3 

Q 

7000 

5870 

R/Q  (Q/cell) 

42 

38 

_ 

0.023 

-0.004 

Parameters  of  the  accelerating  mode  in  2ii/3  mode  are  also 
calculated  by  MAFIA  for  normal  disk  loaded  structure  (NDLS) 
and  a  damped  structure  (DS-2j.  The  results  are  listed  in  Table 
4[4].  The  accelerating  mode  passband  of  DS-2  was  found 
slightly  backward  because  of  a  strong  magnetic  coupling 
through  damping  port  and  wide  slot  in  the  disk.  This 
characteristic  enables  us  to  tune  the  group  velocity  of  the 


accelerating  mode  without  changing  the  beam  hole  aperture. 
The  reduction  of  the  Q  value  and  the  R/Q  are  calculated  to  be 
about  10  and  20  percent,  respectively.  This  pushes  the  peak 
power  for  the  structure  very  high  necessary  to  obtain  a  given 
accelerating  gradient 

B.  Crossed  waveguide  type 


The  damping  of  higher  modes  in  the  structure  of  crossed 
waveguide  type[8]  is  thought  to  be  insensitive  to  the 
geometry  change.  In  order  to  make  all  higher  modes  damped,  a 
structure  shown  in  Fig.  2  was  examined.  Each  cell  of  the 
structure  has  8  damping  ports  of  2mmxl  1mm  in  cross  section 
extended  to  four  directions  and  divided  into  two  groups  by  a 
septum  of  its  thickness  2mm  at  the  middle  of  the  cell.  The 
septum  has  a  hole  of  radius  8mm  which  determines  a  cell 
radius.  The  thickness  of  the  disk  is  2mm  and  the  beam  hole 
radius  is  3.Smm. 


A 

(CC)  (AA')  (BB') 

Fig.  2.  Geometry  of  crossed  waveguide  type  damped  structure. 


In  Fig.  3  are  shown  the  tuning  curves  obtained  for  a 
structure  with  these  boundary  conditions  where  such  modes  as 
TMllO,  TMlll  and  TMOl  1-like  ones  can  exist.  The  results 
were  plotted  as  (<>,freq)  diagram  as  suggested  by  N.  KrolllS]. 
According  to  Slater's  formula[9],  the  parameters  are  related  as 

1 


^  d  -  n  =  -  Arctan  X 

n  xg  r 


toa  ’  (0 

where  d  is  the  position  of  the  shorting  plane,  n  the  numbering 
of  the  branch,  Qa  and  tOa  the  Q  value  and  the  angular 
frequency  of  a  mode  a.  Here,  the  origin  of  the  parameter  d  is 
set  at  the  center  of  the  structure.  In  this  calculation,  the 
shorting  plane  of  the  waveguide  were  varied  in  only  one 
direction  (X  direction).  The  parameter  ((>  changes  by  n  if  one 
passes  a  resonance.  All  the  steep  changes  of  ^  in  the  figures  of 
TMl  10  and  TMl  1 1  show  the  resonances  composed  of  TE20 
waveguide  mode  trapped  in  the  waveguide  of  Y  direction 
except  the  resonance  at  2SGHz  in  the  figure  of  TMl  1 1.  As 
the  field  pattern  of  this  mode  is  similar  to  that  of  TEl  1 1  mode 
in  the  cell,we  guess  its  R/Q  value  small.  In  addition,  the  Q 
value  of  this  mode  is  as  smdl  as  36  obtained  from  the  fitting 
of  the  tuning  curve.  From  these  consideration,  the  dangerous 
modes  such  as  TMllO  and  TMlll  are  well  damped  in  this 
type  of  damped  suucture.  On  the  other  hand,  the  steep 
resonances  below  30GHz  in  the  figure  TMOl  1  are  attributed  to 


1012 


the  resonances  in  the  waveguide  of  Y  direction  in  TEIO 
waveguide  mode.  As  the  frequency  of  TMOl  1  mode  in  normal 
disk  loaded  structure  is  about  26GHz[2]  and  the  perturbation 
added  from  normal  disk-loaded  structure  to  this  type  of  damped 
sUucture  usually  pushes  the  resonance  frequency  low.  we 
conclude  again  that  the  TMOl  1  mode  is  also  well  damped  in 
this  type  of  structure.  As  a  final  check,  we  should  check  the 
tuning  curves  by  varying  the  shorting  plane  of  all  waveguides 
at  once. 


Bound.  Cond.  forTMl  10  like  mode 


Ffequney  (GHz) 


Bound.  Cond.  lor  TMt  1 1  like  mode 


.3  )...  i 


.4  .  .  .  I 

10  20  30  40 

Irequency  (GHz) 

Fig.  3  Tuning  curve  of  damped  sU'ucturc  of  crossed 
wageguide  type. 


DETUNED  STRUCTURE 

The  wake  field  of  TMl  10  mode  should  be  reduced  by  two 
order  of  magnitude  at  the  next  bunch  if  we  assume  the  same 
amount  of  damping  criterion  cited  in  the  previous  section. 
Simplest  way  to  reduce  the  wake  field  at  the  following  bunch 
is  to  tune  a  higher  mode  frequency  to  make  a  zero  crossing  at 
the  following  bunches,  but  it  is  difficult  to  realize  this 
cancellation  for  more  than  a  mode  at  once.  Another  extreme 
(10)  is  to  cancel  out  the  wake  field  of  each  cell  by  varying  the 
frequencies  of  the  higher  mode  from  cell  to  cell  along  a  certain 
length  of  linac  well  shorter  than  the  betatron  wavelength. 

To  obtain  a  good  damping  at  the  next  bunch  and  beyond 
that  to  the  last  bunch,  a  disLnbittion  similar  to  gaussian  is 
desirable.  An  example  of  such  a  uistnbution  is  deacribed  as 

P(0=  j  (2  S(df)  +  S(df-;^)  +  S(df+|-)  ) 


for  I  df  I  <  y,  where  df  s  f-  fO  and  S(x)  =  • 

In  Fig.  4  is  shown  the  wake  field  excited  by  a  bunch  and 
integrated  within  321  cells  with  frequencies  distributed  in  the 
above  formulus  withT=2.4ns  and  8f/f  =  0.104. 

As  the  broad  minimum  at  the  next  bunch  (1.4ns)  is 
mainly  determined  by  5f/f,  it  can  be  controlled  easily.  The 
wake  field  after  second  bunch  is  well  below  lO'^. 


0  2  4  6  8  10 

tim«  (nt) 


Fig.  4  Wakefield  integrated  along  321  cells  with 
8f/f  =  0.104  and  T=2.4ns. 

In  the  above  estimation,  we  neglect  those  effects  such  as  a 
finite  coupling  between  cells,  the  successive  excitation  of 
wake  field  from  cell  to  cell,  different  values  of  R/Q  among 
cells  and  the  fabrication  error  of  each  cell  frequency.  These 
effects  should  be  carefully  taken  into  account.  Moreover,  an 
actual  geomeuy  which  provides  us  ten  percent  frequency 
distribution  should  be  found.  We  should  also  estimate  the 
effect  of  other  higher  modes. 


SUMMARY 

Some  possible  candidates  of  the  structure  for  JLC  which 
cures  the  effects  due  to  the  long  range  wake  fields  were 
examined.  The  damped  structure  with  slots  in  the  disk  was 
found  too  sensitive  to  apply  to  the  actual  su'ucture  for  JLC.  A 
damped  structure  of  crossed  waveguide  type  was  found  good  as 
for  the  characteristics  of  the  higher  modes.  A  detuned  structure 
with  its  frequency  distributed  similar  to  a  truncated  gaussian 
shows  a  good  cancellation  of  a  higher  mode. 
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METHOD  OF  LONGITUDINAL  IMPEDANCE  MEASUREMENT 
FOR  ACCELERATOR  ELEMENTS  IN  WIDE  FREQUENCY  REGION 
USING  DOUBLE  FOURIER  TRANSFORM 


P.  Reinhardt-Nickulin,  N.  Ilinsky,  S.  Bragin 
Institute  for  Nuclear  Research 
of  the  Academy  of  Sciences  of  the  USSR 
Moscow,  USSR 


I.  INTRODUCTION  II.  SCHEME  AND  ALGORITHM  OF 

MEASUREMENTS 

.Eiiimation  of  impedance  for  accelerator  vacuum  pipe  usually  is 
:p^6tmed  by.  coaxial  line  technique.  Well  known  method  devel- 
;o^d  lui  yeaii  based  on  thiy  technique  is  the  method  of  synthetic 
pulse. [l]i  ;In:this  method  frequency  dependences  of  transmission 
'COTmcients=5ji  of  wave  shattering  matrix  for  test  or  reference 
bem  pipe  segments  are  represented  by  means  of  inverse  Fourier 
.traniform  to  time  domain.  It's  permit  to  observe  besides  of  main 
traninutted  :pulse  many  reflected  pulses  caused  by  mismatchs 
at  .matching  sections  consisting  of  adapters,  cable  junctions  and 
other  elcraehts  which  are  needed  for  measurement  set-up.  For  re- 
amoving  these  reflections  the  time  Altering  and  space  separation  of 
r^ec^d  pulses  are  used.Two  additional  metal  segments  of  waveg- 
uide-tniih  be  embedded  in  scheme  of  measurements,  which  are 
>l6cated;at  both  sides  of  measured  element  and  permit  to  elim¬ 
inate  reflected  pulsqs  from  main  pulse  in  some  time  interval  r. 

Time  Altering  provides  only  Arst  pulse  transmission  from  time 
representation  of  5]t.  Total  transmission  coeiAcient  after  using  of 
time  gating  for  system,  consisting  of  matching  sections,  additional 
waveguides  and  measured  waveguide,  is 

Measurement  set-up  (  Fig.l  )  consists  of  network  analyzer  HP 
Siuot  =  5j  •  5}  •  5ji  •  e’  (1)  8753B  controlled  by  computer,  and  experimental  part.  Network 

analyzer  contains  double  vector  voltmeter,  generator-synthesizer 
of  harmonic  signal  and  receiver  for  measurement  of  S-parameters. 
where  Si,S}  -  transmission  coefHcients  of  matching  sections,  Experimental  part  of  set-up  being  connected  to  inputs  1  and  2 

ej(9t+ea) .  transmission  coefficient  of  additional  sections  -  spacers,  of  S-parameters  receiver  consists  of  reference  metal  waveguide 

Sjj  •  transmission  coefficient  of  test  or  reference  element.  This  of  the  same  cross-section  and  length  as  the  test  waveguide  has; 

method  may  be  used  for  frequencies  above  45  MHz.  However,  adapters  1  and  2  tapering  from  cross-section  cf  test  or  reference 

if  it’s  necessary  to  measure  the  impedance  at  low  frequency,  the  pipe  to  cross-section  of  connecting  cables  with  50  Ohm  character- 

length  of  additional  sections  becomes  too  large  in  accordance  with  istic  impedance.  These  cables  feed  the  signals  to  inputs  1  and  2  of 

[2],  and  bench  installation  becomes  inconvenient.  That  is  why  for  analyzer.  The  10  dB  attenuators  are  placed  before  inputs  1  and  2 

measuring  Sn  in  frequency  region  including  low  frequencies,  it’s  Attenuators  are  needed  Tor  improving  the  accuracy.  Besides  that 

necessary,  as  it’s  done  usually,  preliminary  to  calibrate  measur-  the  set-up  can  include  additional  segments  of  coaxial  line  -spacers 

ing  set-up  together  with  matching  sections.  Calibration  may  be  with  the  length  of  ct/2  (  c  -  the  speed  of  light  )  for  separation 

executed  in  different  ways.  One  of  these  methods  is  TSD-method  of  reflections  in  time  interval  t.  Choicing  the  central  conductor 

(2,3),  permitting  to  determine  coefficients  Si  and  5j  in  frequency  which  forms  coaxial  line  from  reference  or  test  waveguide,  it’s 

domain,  and  then  to  carry  out  series  of  measurements,  from  which  necessary  to  try  to  achieve  the  same  characteristic  impedance  as 

using  known  Si  and  5}  and  by  some  calculations,  one  can  deter-  the  connecting  cables  have.  The  requirement  for  choicing  the 

mine  coefficient  of  interest  ,  and  then  -  impedance.  However,  central  conductors  of  adapters  is  the  same.  In  this  case  the  re- 
from  our  point  of  view  TSD-procedure  is  large  and  inconvenient  flections  are  minimized.  SimpliAed  algorithm  of  measurements  is 

too,  because  it  uses  many  calibration  standards,  and  consequently  shown  on  Fig. 2.  The  process  of  measurements  consists  of  follow- 

it  takes  many  mechanical  operations  Besides  that  TSD-method  ing  stages.  1)  Choicing  of  initial  values  of  parameters  (  limits  of 

resulting  functions  have  considerable  noise.  These  disadvantages  frequency  region,  the  value  of  signals,  number  of  measurements 

excite  the  wish  to  modify  the  method  of  synthetic  pulse.  Below  jj,  senes  for  procedure  of  averaging  etc.).  2)  Calibration,  this  is 

it  is  considered  the  method  of  double  Fourier  transform,  which  measuring  and  storaging  total  transmission  coefficient  Sjuoi  >•«/ 

allows  to  measure  the  impedance  of  distributed  discontinuity  for  by  calibration  line  made  of  reference  waveguide  3)  Measurement 

both  low  and  high  frequencies  Also,  it  is  considered  main  causes  of  test  object  transmission  coefAcient  Sjko,  i,,  in  frequency  do- 

of  errors  and  the  results  of  measurements  are  given.  main  4)  Inverse  Fourier  transform  of  S2Uottst  5)  Fixing  of 
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Fig. 2.  Simplified  Flow  Diagram 
for  Measurement  Procedure, 


time  gatei,  thii  ii  fixing  of  gatei  centre  and  width.  6)  Fourier 
traniform  of  the  part  of  SfUa*  ut  time  representation, which  cuts 
out  by  means  of  time  gates.  7)  Treating  and  leading  out  the  re* 
suits  oi  ..measurements. 

The  main  difference  between  this  method  and  one  proposed  in 
(1]  is  ptelinrinary  calibration  measurement  of  SjtM .«/  on  refer* 
ence  calibration  line,  which  is  stored  in  analyzer  and  autormiati* 
cally  effects  on  consequent  measurement  of  Sjkoi  t<t.  In  method 
of  synthetic  pulse  descripted  in  details  in  (2]  following  procedure: 
are  made  separately:  measuring  of  and  tn.  in'^e'se 

Fourier  transforms,  time  gating  of  parts  of  transmission  coeffi¬ 
cients  and  Fourier  transforms.  As  the  result  of  these  operations 
we  get  the  ratio  of  transformed  functions: 

^2Uot  tit  _  •  5}  •  _  5}n,|  ,  . 

Si  -  Si  •  Sii„f  Sii,,/  ' 

&om  which  it’s  simple  to  find  active  and  reactive  parts  of 
impedances.  In  our  case  ratio  is  got  at  once  after 

measuring  Sjuet  ut,  because  preliminary  calibration  measurement 
of  Siitot  Ttf  is  stored  in  analyzer  HP  875SB.  snd  i*  means,  that  any 
consequent  measurement  is  normalized  by  value  *>1110  Inverse 
Fourier  transform  is  made  at  once  fcom  ratio  of  tne.e  frequency 
functions,  i.e. 


m = 


(Siif).Si(f).Sn,„(f}\ 

\Sx(f)-Si(f).Snr.i{f)) 


(3) 


In  accordance  \’ith  (2)  general  expression  for  trarsraj'sion  co¬ 
efficient  taking  into  account  the  ledections  equals 


021tot  /  V  X 

X _ _ 

(i-e^s®.r..,r„)(i-ej*®»r2/r,.,) 


(4) 


where  rt,(,ri„rj/  *  corresponding  coefficients  of  reflections  at 
junctions  between  spacer  and  test  object,  adapter  1  and  first 
spacer,  second  spacer  and  adapter  2.  If  matching  between  parts 
is  good  enough,  then  coefficients  of  reflection  are  small,  and  it 
means,  that  products  of  coefficients  are  small  all  the  more.  So  we 
can  write 


SiuM  «  S, .  5, .  Siu,t  ■  e>(®'+®>) .  (1  -f  XjCl  -f  K)(l  -h  Z)  ,  (5) 


where  X,  Y,  Z  *  second  members  of  differences  in  brackets  from 
Fjim  denominator.  Sum  can  be  represented  as  the  sum,  which 
contains  the  members  with  products  of  reflection  coefficients  and 
the  member  Sj  •  5»  •  Sjjut  •  ezp(;(0j  -f  ©j)).  The  same  spec¬ 
ulations  may  be  applied  to  system,  containing  reference  coaxial 
line.  Thus,  time  representation  of  ratio  Sum  ut/Sutot  rtf  approx¬ 
imately  equals 


■y( '?»(>(,  Siiut,  Fm,  Tin  r»/) 

^{Suttf,  S\i„f,  r,,/,  Fj,,  Fj/) 


The  first  member  represents  the  normalized  transmission  coef¬ 
ficient  needful  for  getting  impedances  of  distributed  discontinuity, 
and  second  member  represents  the  functions  of  reflections.  If  now 
to  pick  out  part  of  4>{t)  by  means  of  time  gating  in  some  time 
interval  r  (r  is  such,  th;;:.  during  r  onij  normalized  forward  pulse 
passes  ),  then  we  get 


=  (7) 

Fourier  transform  of  this  function  gives  us  the  ratio  being 
searched: 


Sum 

Surtf 


(8) 


where  R  and  X  -  active  and  reactive  parts  of  searched  dis¬ 
tributed  impedance  [1],  Zc  -  characteristic  impedance  of  reference 
coaxial  line.  It’s  simple  to  notice  from  above  speculations,  that 
the  result  must  be  depended  on  width  of  time  gates  t.  Indeed, 
if  the  gates  are  too  wide,then  reflection  signals  disto''  resulting 
functions.  And  if  the  gates  are  too  small,  then  the  results  are 
distorted  due  to  cut-off  of  low  frequencies.  To  avoid  this  dis¬ 
advantage  in  [2j  the  authors  make  conclusion  about  necessity  of 
very  long  spacers.  However,  from  our  point  of  view  spacers  must 
not  be  so  long  to  become  inconvenient,  but  estimating  measure¬ 
ments  may  be  carried  out  for  determination  of  distributed  exces¬ 
sive  impedance.  Indeed,  if  spacer  has  the  length  a  60  cm,  then 
time  separation  between  forward  and  reflected  signals  is  a  4  ns. 
Therefore  if  we  should  take  the  gates  width  a  little  smaller  than  4 
ns,  then  the  transmission  coefficient  would  become  smaller  too  in 
frequency  region  <  (1/r),  and  consequently  the  impedance  would 
become  larger  in  this  region.  However,  if  the  result  impedance 
would  be  smaller  than  allowable  value,  then  this  result  would 
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Fig. 3.  Conpariscn  of  measurement  results. 

be  overeitimation  and  might  bt:  u»ed.  Decreasing  of  r  must 
not  be  too  large,  because  it  can  cause  considerable  increasing 
of  measured  impedance  value  at  low  frequencies  and  decreases 
im,  re  at  high  frequencies.  A’  shown  in  |1|,  dependences, 
w'  ( have  been  got  at  diiTerent  r,  must  not  be  sharply  different 
o».9  from  another.  That  is  the  indicator  of  correctly  choosen  r. 
Besides,  it  should  be  noticed,  that  in  measurements  of  distributed 
discontinuity  spacers  aren’t  necessary  if  the  length  I  of  test  object 
is  large  enough,  because  in  this  case  reflected  signals  appear  after 
time  period  r  =  21/c,  and  it  is  impossible  to  avoid  the  reflections 
in  adapters  as  with  spacers  as  without  it. 

in.  RESULTS  OP  MEASUREMENTS 

Frequency  dependences  of  active  and  reactive  parts  of 
impedance  which  have  been  got  tar  model  element  -  beam  po¬ 
sition  monitor  •  are  shown  on  Fig.  3  (curves  1)  Frequency  range 
for  synthetic  pulse  measurement  w,\s  from  0  3  MHz  to  3000  MHz 
Model  element  with  the  length  of  70  cm  has  rectangular  form  and 
consists  of  fiberglass  plates.  On  the  inner  surfaces  of  this  plates 
%  4  mm  wide  copper  foil  strips  ate  pasted,  leaving  small  intervals 
of  ss  1  mm  between  them.  There  is  25  mm  wide  not  filled 
intet''al  on  the  inner  surface  in  the  centre  of  each  plate.  Copper 
foil  strips  are  pasted  in  this  intervals  on  the  outer  sides.  To  the 
cuts,  which  are  made  in  outer  strips  five  10  Ohm  resistors  ate 
soldered.  This  resistors  are  electrically  shorted  to  each  other  on 
both  sides  of  cuts,  i.e.  their  total  resistance  equals  to  2.0  Ohm 
for  each  plate.  For  comparison  on  Fig  3  the  measurement  re¬ 
sults  from  [4]  are  shown  fo-  following  cases,  similar  monitor  with 


slightly  different  cross-section  (curves  2);  chamber  with  the  same 
size  and  cross-section,  where  all  foil  strips  are  uninterrupted  and 
ate  placed  on  inner  sides  (curves  3);  chamber,  which  four  cen¬ 
tre  foil  strips  on  the  inner  sides  are  cut  and  their  ends  are  led 
out  through  dielectric  and  this  ends  are  either  electrically  shotted 
(curves  4)  or  the  resistors  ate  soldered  between  this  ends  (curves 
5);  SAIC  chamber  [2]  with  strips  of  silver  paste  on  two  sides  and 
with  two  full  foiled  sides  (curves  6).  From  comparison  of  curves 
for  active  and  reactive  impedance  parts  it’s  simple  to  notice  that 
monitors  having  not  screened  dielectric  inside  vacuum  chamber 
have  considerably  larger  impedance,  than  monitors,  which  have 
all  copper  stripes  inside  chamber.  Minimal  active  impedance,  as 
it  should  be,  have  the  chamber  with  uninterrupted  strips  of  silver 
paste,  placed  on  inner  sides.  From  behaviour  of  the  curves  at 
lowest  frequencies  we  can  conclude,  that  impedance  does  increase 
at  low  frequencies.  However,  if  particle  circulation  frequency  in 
synchrotron  is  wo  w  250fe/f*,  and  we  are  interested  in  active 
impedance  at  frequency  w  «  IMHz,  then  impedance  per  har¬ 
monic  Z/n  =  Z/{w/uo)  <0.05  Ohm.  This  value  is  comparable 
with  width  of  measurement  ’’noise  way”.  And  consequently  for 
50  monitors  installed  on  ring  noise  error  is  less  than  si  0.1  Ohm, 
and  full  monitor’s  impedance  for  full  ring  <  (2.5  ±  O.l)  Ohm.  It’s 
simple  to  see,  that  at  frequencies  above  1  MHz  impedance  per 
harmonic  becomes  still  less. 

IV.  CONCLUSIONS 

Method  of  double  Fourier  transform  is  the  development  of  syn¬ 
thetic  pulse  method  (Ij  and  differents  from  it  in  following  points; 
1)  application  of  simple  calibration  in  algorithm;  2)  extension  of 
measurement  region  to  low  frequencies;  3)  simplification  of  mea¬ 
surement  algorithm.  The  results,  which  have  been  got,  show  that 
at  correctly  choosen  r  longitudinal  impedance  of  distributed  dis¬ 
continuity  may  be  estimated  with  good  accuracy  in  full  frequency 
region  of  interest  without  spacers. 
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Suniigu*y 

A  fullsoale  prototype  of  the  accelerating 
cavity  for  the  superconducting  deuteron  sector  cyc¬ 
lotron  at  the  energy  100  MoV  is  described. 

The  fundamental  frequency  and  the  distribution 
of  the  radlofrequenoy  voltage  along  the  accelerating 
gap  were  calculated  by  the  RPC3D  progranine  for  cal¬ 
culating  of  >-diinensional  components  of  the  eleotro- 
raagnetio  field.  The  rf  measurements  proved  the 
validity  of  the  calculations  with  the  accuracy  better 
than  5X  for  the  cavity  fundamental  frequency  and 
10X  for  the  voltage. 

Introduction 

The  rtniotural  features  of  the  DC-1  sector 
cyclotron  |1|  required  a  halfwavelength  resonator 
with  a  A-oleotrode  as  an  accelerating  element. 
The  Table  lists  the  main  parameters  of  the  RF  system 
of  DC-1  |2|. 


Fig.  1.  The  general  view  and  median  cross  section  of 
the  resonator. 
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Table 


Number  of  cavities  . . . .  2 

RF  frequency  .  7^.23  MHz 

Harmonic  number  .  6 

Mean  injection  radius  .  40  cm 

Mean  extraction  radius  .  115  cm 

Accelerating  voltage  .  300  kV 

Azimuth  dimension  of  resonator .  30* 

Losses  in  one  resonator  .  40  kW 


The  main  struoturtil  features 

The  resonator  is  a  right-angle  prism  about 
2  m  high,  its  base  being  a  trapezium  with  equal 
sides.  The  generzd  view  and  median  cross  section 
of  the  resonator  are  shown  in  Fig.  1. 

The  resonator  walls  are  made  of  aluminiumalloy 
with  copper  cladding  inside.  The  space  for  the 
resonator  in  the  cyclotron  is  30*  and  is  limited  by 
two  neighbouring  magnet  sectors.  The  side  walls  of 
the  resonator  are  as  thin  as  possible  to  keep  the 
necessary  internal  volume.  It  is  the  magnet  cryostat 
walls  that  are  of  the  supposed  to  carry  atmospheric 
load.  The  gaps  between  the  side  walls  of  the  resona¬ 
tor  and  the  cryostats  are  pumped  down  to  rough 
vacuum.  Other  resonator  walls  are  50  mm  thick  and 
withstand  the  atmospheric  load. 

To  tune  the  resonator  and  to  achieve  the  neces¬ 
sary  behaviour  of  the  veurlation  of  the  accelerating 
voltage  in  the  acceleration  zone,  there  are  movable 
panels  and  a  trimner  capacitor  that  changes  the 
capacitance  between  the  outer  end  of  the  A -electrode 
and  the  resonator  wall.  The  contacts  of  the  panels 
are  made  of  copper  foil  0.3  mn  thick  pressed  to  the 
walls  by  sending  air  under  pressure  into  a  rubier 
hose  placed  in  a  slot  under  the  contact  tabs.  The 
hose  is  a  vacuum  tube  with  the  inner  hole  4  mn 
diameter  and  walls  4  nia  thick.  The  design  pressure 
is  up  14  atm.  The  necessary  pressure  was  determined 
in  a  direct  experiment.  The  natural  frequency  of 
the  resonator  changes  within  100  kHz  as  a  function 
of  the  pressure  in  the  contact  opening  system. 
The  minimal  working  pressure  is  10  atmospheres 
and  the  quality  factor  is  10000. 

The  copper  cladding  is  cooled  by  water  under 
pressure  running  in  soldered  on  copper  tubes.  The 
water  reaches  the  panels  and  the  trimner  capacitor 
through  guide  rods. 

The  resonator  is  supposed  to  be  evacuated 
by  two  electric  discharge  pumps.  To  prevent  oil 
fumes  from  penetrating  in  the  initial  vacuum  system, 
adsorption  traps  will  be  used. 

Measurements  of  resonator  £>  ■■■•acteristics 

The  maiji  resoriator  characteristics  measured 
at  a  low  power  level  are  the  quality,  the  range 
of  tuning  with  the  trimner  capacitor,  the  accelerat¬ 
ing  voltage  distribution  along  the  accelerating 
edge. 

Fig.  2  shows  the  resonance  frequency  plotted 
as  a  function  of  the  gap  between  the  short-circuiting 
panels  of  the  resonator.  The  theoreticeil  and  experi¬ 
mental  values  are  given.  The  discrepancy  is  5%. 
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Fig.  2.  Resonemoe  frequency  vs  cavity  height. 


cessing  of  the  characteristics  consisted  in  removed 
of  the  experimental  errors  (temporal  thermed  instabi¬ 
lity  of  instruments  and  the  resonator  itself,  devia¬ 
tion  from  the  zero  level).  Then  the  dependence 
of  the  accelerating  voltage  on  the  radius  U(R) 
was  calculated.  In  Fig.  4  one  can  see  this  dependence 
compared  v  Lth  the  calculated  one. 


The  calculation  was  performed  by  means  of  the  pro- 
granne  RFC30  |3|  for  calculation  of  3-dlmcntlonal 
components  of  an  electromagnetic  field.  Fig.  3 
shows  the  possible  range  of  resonator  frequency 
tuning  with  the  trlnmer  capacitor  for  the  maximum 
and  minimum  gap  between  the  resonator  tuning  panels. 

Measuring  of  the  accelerating  voltage  is 
the  tnost  labour-consuming  process  and  required 
apeolal  equipment  and  meaaurlng  devices.  To  solve 
this  and  similar  problems,  a  multipurpose  measuring 
complex  has  been  develoi^  on  the  basis  of  the 
personal  computer.  The  perturbation  method  was 
used  for  measurement  |4l.  The  perturbing  body  vreis 
a  copper  Ixdl  6  mm  in  diameter  fixed  to  a  o,\pron 
threeid.  Since  the  ion  trajectories  in  the  A -elec¬ 
trode  are  close  to  a  straight  line  perpendicular 
to  the  axis  line  of  the  eleotrode,  radii  were  measured 
from  this  axis,  and  the  systems  that  guided  the 
movement  of  the  thread  with  the  ball  were  parallel 
to  this  axis. 

In  measurements  we  registered  the  output 
analogue  signal  from  the  phase  voltmeter,  which 
was  proportional  to  the  variation  of  the  RP  field 
phase  in  the  resonator  caused  by  the  perturbing 
body:  (E  la  the  value  of  the  electric  field 

at  the  perturbation  point),  and  the  voltage  from 
the  multitum  potentiometer  connected  to  the  motor 
that  moved  the  biQ.1.  The  preliminary  software  pro¬ 
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Fig.  4.  Accelerating  voltage  vs  radius. 

The  non-coinpenaated  capacitive  coupling  was 
used  for  excitation  of  the  resonator.  Siiice  there 
was  coupling  capacitance  (Cq),  the  frequency  tuning 
of  the  resonator  should  be  slightly  shifted  from 
its  own  resonance  toward  the  oapacit;inoe  region. 
Considering  the  equivalent  resonator  ooi<rling  system 
circuit,  we  can  obtain  in  this  case  “liat  Cc  = 
s[  2jt.  f(ZinRsh)^^^  vrtiere  Zin  the  input 

resistance  of  the  coupling  system.  Rah  Is  the 
shunt  resistance  of  the  resonator,  f  1.-  the  fre¬ 
quency.  The  resonator  has  such  pfvan^io.ers  that 
they  allow  =  Zof  (Zof  is  the  .favo  resistance 
of  the  feeder).  The  coupling  system  design  allows 
stepless  variation  of  the  coupling  capacitance 
for  fine  matching  tuning.  Retuning  goes  or,  without 
violating  the  viujuum.  The  Irapedano.,  ajic  the  input 
phase  of  this  coupling  system  are  shown  in  Fig.  5. 


I 
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Fig.  5.  In5>edance  and  input  phase  of  coupling  system. 


Fig.  3.  Resonance  frequency  vs  trinmer  capacitor 
gap  for  max  and  min  cavity  height. 
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Fig.  6,  AoceleratltJg  voltage  va  coupling  eyatem 
input  voltage. 


Fig.  6  shovra  the  dependence  of  the  voltage  at 
the  accelerating  -electrode  in  the  region  of  the 
injection  radiua  on  the  input  voltage  of  the 

matched  (Zin  =  Rin  =  50  Ohm)  coupling  ayatem  U50. 
The  dependence  waa  measured  with  the  help  of  the 
calibrated  measuring  loop.  Using  the  obtained  result 
one  can  find  out  that  the  power  of  the  A -resonator 
will  be  about  40  kW  at  the  accelerating  voltage 
Udelt  =  300  kV. 

A  100  kW  self-excited  oscillator  with  the  in¬ 
trinsic  feedback  has  been  developed  for  experimental 
excitation  of  the  resonator.  Coaxial  circuits  and 
flat  film  capacitors  are  used  here.  The  initial  exci¬ 
tation  of  the  resonator  performed  according  to  this 
scheme  in  the  air  allowed  10  kV  at  the  A-eleofcrode. 
This  osolllator  is  planned  to  be  used  in  a  pulsed 
mode  of  operation. 
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Abstract 


II.  Booster  Cavity  Design 


This  paper  presents  the  history  and  current  status  of  the 
design  of  the  accelerator  cavity  to  be  incorporated  into  the 
Low-Energy  Booster  (LEB)  of  the  Superconducting  Super 
Collider  (SSC).  The  LEB  is  a  proton  synchrotron,  S40 
meters  in  circumference,  and  having  108  buckets  around  the 
ring.  Acceleration  programs,  each  SO  msec  long,  take  place  at 
a  rate  of  10  per  second.  The  beta  change  of  the  particles  frrmi 
injection  to  extraction  is  from  0,8  to  0.997.  Since  the  rf 
excitation  frequency  must  track  beta,  the  rf  frequency  must 
shift  from  47,5  to  60  MHz  over  the  SO-msec  acceleration 
program.  The  cavity  will  use  ferrite  in  a  perpendicular 
control  bias  mode  to  effect  the  required  tuning. 

I.  INTRODUCTION 

Development  ^^rpendicularly  biased,  ferrite-tuned 
cavities  for  use  in  proton  synchrotrons  was  ongoing  at  Los 
Alamos  from  1984  through  October  1990,  when  the  project 
moved  to  SSC.  During  the  tenure  at  Los  Alamos,  two 
different  cavities  using  perpendicular  control  bias  were 
designeti,  fabricated,  and  tested.  The  fust  cavity  was  designed 
to  achieve  a  20%  uming  range;  after  testing  was  completed  at 
Los  Alamos,  it  was  delivered  to  the  Tri  Universities  Meson 
Facility  (TTRIUMF)  at  Vancouver,  B.  C.,  for  further 
evaluation.  The  second  cavity  was  designed  for  use  in  a 
higher-energy  synchrotron,  and  could  be  tuned  over  a  4% 
fr^uency  range.  After  completion  of  the  test  program  at  Los 
Alamos,  this  cavity  was  delivered  to  SSC  for  incorporation 
into  their  ferrite-tuned  cavity  test  stand.  High-power 
operation  of  these  cavities  demonstrated  that  ferrite 
permeability  changes  of  1.4  to  3.S  are  easily  obtainable,  and 
very  high  magnetic  and  electric  Qs  can  be  realized  even  under 
high-power  conditions.  Both  cavity  designs  were  successful, 
but  both  demonsuated  a  strong  ne^  for  improvement  in  the 
ferrite-cooling  technique.  This  paper  presents  a  basic  cavity 
design  siroil^  to  Uiat  of  the  first  Los  Alamos  cavity,  but 
incorporating  a  substantially  imix'oved  ferrite-cooling  concept 
The  cavity  and  amplifier  are  tunable  over  the  required  range 
47.5  to  60  MHz.  The  circuit  Q  will  be  approximately  5000, 
and  the  average  shunt  impedance  over  the  band  will  be 
approximately  160  kfl.  The  cavity  has  an  overall  length  is 
approximately  1.1  meters.  It  is  designed  for  reliable 
operation  with  a  gap  voltage  of  120  kV. 


Work  supported  and  funded  by  U.  S.  Department  of  Energy. 


A.  Design  Concept 


The  major  design  issues  for  a  ferrite-tuned  cavity  are  as 
follows;  How  is  the  cavity  excited  ?  How  is  the  ferrite 
biased?  How  is  the  ferrite  cooled  ?  The  correct  answer  to 
all  three  for  a  high-reliability  design  is  believed  to  be  "As 
simply  as  possible".  With  that  dictum  in  mind,  the  present 
design  has  evolved.  A  simplified  drawing  of  the  proposed 
cavity  is  shown  in  Fig.  I, 
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Fig.  1.  The  Proposed  LEB  Cavity 


The  proposed  design  uses  a  quarter-wave  coaxial  resonator 
with  the  accelerating  gap  at  the  high-voltage  end  and  the 
ferrite  at  the  high-cunent  end.  The  excitation  amplifier, 
which  uses  a  4CW150,000E  tetrode,  is  incorporated  directly 
into  the  cavity  suucture,  with  the  cavity  serving  as  its  output 
network.  A  coupling  capacitor  is  used  to  match  the  amplifier 
to  the  cavity  impedance  at  the  coupling  point 

The  ferrite  tuner  is  configured  such  that  rf  wave 
propagation  in  the  ferrite-filled  region  is  in  the  radial  rather 
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than  the  azimuthal  direction.  This  radial-mode  tuner  permits 
the  design  of  a  simple  bias  magnet  with  uniform  bias  fields 
thf'iughout  the  ferrite.  This  design  does  give  rise  to 
appi'eciable  tuning  fields  on  the  beam  axis;  however,  if  the 
cavities  are  positioned  in  back-to-back  pairs  with  opposite 
polarity  tuning  fields,  field  variations  of  up  to  15  %  between 
the  pairs  can  be  tolerated  without  upsetting  the  properties  of 
the  beam. 

The  ferrite  is  constructed  from  toroid  disks  approximately 
2.S  cm  thick-  The  disks  will  be  about  14  cm  inside  radius  by 
30  cm  outside  radius  and  the  disk  separation  wilt  be  between 
0.3  and  0.5  cm.  The  separations  provide  channels  for  the 
cooling  fluid.  These  channels  are  vertical,  which  allows  the 
cooling  fluid  to  flow  in  the  direction  of  natural  convection . 

B.  Ferrite  Loss  Characteristics 

If  one  operates  the  ferrites  in  a  mode  such  that  the  conu-ol 
bias  H  field  is  parallel  to  the  rf  H  field!  ,  then  the 
permeability  seen  by  the  rf  wave  is  the  slope  of  the  B-H 
curve  at  the  operating  point.  If,  however,  one  operates  the 
ferrites  in  a  mode  such  that  the  control  bias  H  field  is 
perpendicular  to  the  rf  H  field ,  then  the  permeability  seen  by 
the  rf  wave  is  the  ratio  of  B  to  H,  where  both  are  total  values 
of  the  control  fields.  The  significance  of  this  is  that  in  the 
perpendicular  bias  mode,  substantial  changes  in  rf 
permeability  may  be  effected  with  the  material  in  total 
saturation.  The  rf  magnetic  loss  is  related  to  the  area  within 
their  hysteresis  loops,  and  this  area  is  essentially  zero  when 
the  material  is  in  saturation.  Magnetic  Qs  substantially 
greater  than  10^  have  been  realized  in  the  test  cavities  under 
high-power  conditions. 

The  nickcl-d<^)cd  yttrium-iron-gamet  ferrites  that  have  been 
tested  also  exhibit  very  low  dielectric  loss.  The  electric  Qs  of 
these  materials  seem  to  be  between  1000  and  5000  in  the  50- 
MHz  region. 

C.  Analysis  Methods 

It  is  impossible  or  at  least  extremely  difficult,  to  construct 
a  complete  model  from  which  all  aspects  of  performance  may 
be  prt^icted.  The  design  engineering  goal  is  of  course  to 
create  approximate  models  good  enough  to  provide  valid 
predictions  over  the  realm  for  which  the  model  was  created. 
The  LEB  cavity  is  a  fairly  complex  system,  and  numerous 
types  of  models  have  been  created  in  an  attempt  to  predict  its 
operational  behavior.  The  performance  of  the  amplifier  tube 
is  analyzed  by  assuming  sinusoidal  input  and  output  voltages, 
ignoring  transit  time,  and  Fourier-analyzing  the  current  wave 
forms.  The  2D  code  "Superfish"  is  valid  for  examining  the 
cavity  structure  without  its  amplifier  arm,  but  its  most 
important  contribution  is  in  checking  the  transmission  line 
modelt^l.  The  transmission  line  model  of  the  complete  rf 
structure  yields  excellent  predictions  of  voltages,  currents, 
impedances,  resonance,  Q,  and  losses  associated  with  the 
fundamental  frequency,  but  its  usefulness  does  not  extend  to 
higher  frequencies.  The  2D  code  "Poisson"  accurately  predicts 
the  static  conditions  of  the  biasing  circuit,  and  it  is  very 
useful  for  the  basic  design  of  the  tuning  magnet:  but  it  docs 
not  treat  the  eddy  current  problem  ass /ciaicd  with  the  actual 
cycling  bias  conditions.  A  good  3D  code  for  this  problem  has 


not  yet  been  located.  The  3D  code  "MaFIA"!^!  has  been  used 
effectively  for  examining  both  higher  order  modes  (HOMs) 
and  field  asymmetries  in  the  gap  induced  by  the  amplifier  arm 
of  the  cavity. 

The  ferrite  cooling  is  analyzed  using  a  3D  finite  element 
model  of  a  45°  ferrite  segment.  Boundary  conditions  of  both 
free  and  forced  fluid  convection  were  analyzed.  The  ferrite  will 
fracture  at  a  tensile  stress  of  39  MPa.,  and  its  curie 
temperature  is  200°C.  The  analysis  predicts  that  tensile 
stress  failure  would  occur  well  before  the  curie  temperature 
was  reached.  This  method  of  analysis  will  be  used  to 
determine  the  required  velocity  of  forced  convection  after 
remaining  tests  are  completed  and  a  cooling  fluid  selection  has 
been  made. 

D.  Higher  Order  Mode  Dampers 

All  rf  cavities  have  an  infinite  number  of  HOMs,  each  of 
which  present  to  the  beam  a  complex  impedance  near  the  mode 
frequency.  These  modes  interact  with  the  beam,  resulting  in 
instabilities  that  produce  either  longitudinal  or  transverse  dc- 
focussing  and  beam  loss.  Two  HOM  dampers  have  been 
proposed  for  the  LEB  cavity.  Prototypes  of  each  have  been 
built  and  tested  at  low  power  on  the  second  Los  Alamos 
cavity. 

One  damper!'*!  consists  of  an  annular  250  MHz  cavity 
located  close  to  and  in  series  with  the  acceleration  gap.  The 
damper  cavity  is  loaded  by  four  shunt  resistors,  resulting  in  a 
Q  of  about  1.3.  The  cavity  is  designed  such  that  it  damps  the 
HOMs  much  more  strongly  than  the  fundamental.  The  test 
results  for  this  damper  on  the  second  Los  Alamos  cavity 
indicate  that  a  similar  design  tailored  for  the  SSC  LEB  cavity 
will  satisfactorily  damp  all  longitudinal  HOMs  up  to  1  GHz. 
The  normal  cavity  losses  (ferrite  and  wall  losses)  at  frequencies 
above  1  GHz  are  sufficiently  high  that  external  mode  damping 
is  not  required.  This  damper  is  simple  and  is  easily  adapti^  to 
any  cavity  which  has  the  accelerating  gap  located  on  one  end. 
A  potential  drawback  to  this  damper  is  that  the  ratio  of  first 
HOM  to  fundamental  mode  damping  is  not  inherently  large, 
and  excessive  fundamental  damping  may  be  required  in  order  to 
quench  the  first  HOM. 

The  other  damper  consists  of  an  external  transmission  line. 
One  end  is  attached  to  a  capacitive  ring  enclosing  the  cavity 
center  conductor  near  the  gap,  and  the  other  end  is  connected 
to  the  cavity  center  conductor  near  the  shorted  end  of  the 
cavity.  The  transmission  line  is  shunted  by  a  50-ohm  resistor 
near  the  gap.  The  length  of  the  transmission  line  is  adjusted 
until  the  voltage  across  the  resistor  is  zero.  This  mode  damper 
works  on  the  assumption  that  when  this  condition  is  met  for 
one  mode,  namely  the  accelerating  mode,  it  is  not  met  for 
HOMs  and  their  power  is  dissipated  in  the  resistor.  I’his 
coupler  experiences  very  high  circulating  currents  at  the 
fundament^  frequencies,  and  care  must  be  taken  to  maintain 
the  structure  as  a  high  Q  (low  loss)  circuit.  An  effective 
damper  of  this  type  with  adequate  coupling  capacitance  should 
result  in  no  more  than  10%  damping  at  the  tuned  frequency; 
however  since  the  damper  is  a  very  high-0  circuit  there  would 
be  large  damping  over  parts  of  the  12.5  MHz  LEB  tuning 
range.  Another  problem  with  this  type  of  couplei  is  dial  it 
can  miss  modes.  Compute,  modeling  predicted  and 
measurements  verified  this  possibility  in  the  tests  on  the  Los 
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Alamos  cavity  for  a  mode  at  300  MHz.  Preliminary  computer 
modeling  does  not  predict  missed  modes  in  the  quarter- wave 
LEB  cavity. 

E.  Cooling  Fluids 

Several  cooling  fluids  are  under  consideration  for  use 
in  the  cavity  tuner.  The  first  is  a  Fluorinert  ^  liquid,  FC- 
77  'TM.  TTiis  liquid  has  a  dielectric  constant  of  1.86,  an 
electric  Q  >10^>  a  voltage  breakdown  of  223  kV/cm,  and  a 
boiling  point  of  97°  C.  It  is  the  cooling  fluid  of  choice 
pending  SSC  environmental  and  safety  approval.  The  second 
fluid  being  considered  is  water.  In  spite  of  its  high  dielectric 
constant  of  78  and  Q  <200  it  is  possible  to  shape  the  cooling 
courses  such  that  high  fields  are  never  present  in  the  water. 
This  consideration  is  necessary  to  keep  its  own  heat 
dissipation  from  becoming  objectionably  high.  The  third  fluid 
under  consideration  is  air.  Its  cooling  efficiency  is  much  lower 
than  the  liquids,  consequently  very  high  air  velocities  would  be 
required  The  maximum  expect^  voltage  gradients  in  the  air 
will  be  about  IS  kV/cm.  and  the  inception  of  corona  or  even 
arcing  will  occur  at  2S  kV/cm.  Air  operation  would  be  at  60% 
of  br^down,  while  the  liquids  would  both  be  operated  below 
10%  of  break^wn.  If  ti  e  ferrite  losses  prove  to  be  on  the  low 
end  of  their  expected  range  forced  air  cooling  could  become  an 
attractive  choice. 

III.  Test  Tuner 

A  new  ferrite  test  tuner  has  been  designed  and  is  being 
fabricated  to  replace  the  tuner  on  the  second  Los  Alanios 
cavity.  This  tuner  is  designed  to  operate  with  either  water  or 
Fluorinert  as  the  cooling  fluid.  The  purpose  of  the  test 
tuner  is  to  learn  as  much  as  possible  about  the  use  of  both 
liquids  in  the  presence  of  high  level  rf  fields.  Both  the  ferrites 
and  the  cooling  courses  in  the  test  tuner  will  be  instrumented 
with  fiber  optic  temperature  probes.  Since  calorimetric  data 
acctuacy  with  direct  liquid  cooling  will  be  much  greater  than  in 
previous  tuners,  it  will  be  possible  to  substantially  improve 
the  ferrite  loss  calculations,  in  particular  those  crdculations 
which  predict  the  electric  Q.  The  data  will  also  be  useful  in 
verifying  the  finite  element  thermal  calculations.  After  the 
tests  are  completed  the  metallic  tuner  parts  will  be 
microscopically  examined  for  corrosion  from  the  water. 


IV.  Conclusion 

Since  the  proposed  LEB  Cavity  is  based  on  a  design  which 
incorporates  many  proven  concepts,  the  probability  of 
achieving  a  system  which  operates  reliably  at  the  full  design 
voltage  seems  to  be  very  high.  Throughout  the  design  process 
there  has  been  a  conscious  attempt  to  cover  the  areas  of 
uncertainty  with  w'orkablc  contingencies.  After  the  most 
recent  test  tuner  has  been  fully  evaluated,  the  LEB  cavity 
design  will  be  finalized,  and  a  full  working  prototype  wiii  be 
fabricated  and  tested.  The  fall  back  position  for  this  design  is 


that  if  it  doesn't  work  reliably  at  full  design  voltage,  it  will 
very  probably  work  reliably  at  some  reduced  voltage,  and 
adthtional  cavities  would  be  required  to  provide  700  kV  per 
turn.  There  is  enough  room  in  the  LEB  design  to 
accommodate  twice  the  planned  number  of  cavities. 
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Abstract 

Experience  from  the  construction,  usembly,  and  tests  of  two 
superconducting  (s.c,)  cavity  modules  for  LEP  are  given.  Each 
module  consists  of  four  individual  fouT'Cell  3S2  MHz  Nb  sputter- 
coated  Cu  cavities  equipped  with  an  RF  power  coiqtkr,  higher-order- 
mode  (HOM)  dampers  and  frequency  tuner,  housed  in  a  single 
cryostat.  The  demountaUe  HOM  dampers  of  a  new  type  designed  for 
sputter-coated  cavities  allow  Qext  of  9000  for  the  HOMs  with  the 
largest  (R/Q).  Q  values  are  higher  (4.S  to  11  •  10*)  than  those  for 
similar  Nb  sheet  cavities  up  to  the  maximum  accelerating  fields 
obtained  (6  to  9  J  MVfm).  The  Held  limiution  is  electron  loading  and 
never  thmnai  breakdown.  Resulu  on  vertical  tesu  of  individual 
cavities  are  reported  (Q  value,  maximum  accelerating  fields,  residual 
resistance).  They  ve  complemented  by  results  on  horizontal  tests  of 
individual  cavities,  and  on  the  fully  equipped  Uystron-driven  four- 
cavity  module. 

I.  INTRODUCTION 

The  first  s«.  cavity  module  for  the  LEP  energy  upgrade  (11 
centre  of  mass  energies  of  200  QeV  “LEP  200"  hu  bem  installed  in 
the  fust  shutdown  of  LEP  in  winter  1990  (2).  This  module  consistt  of 
four  individual  four-cell  cavities  mounted  in  one  common  cryostat. 
The  cavities  are  made  of  “cavity  grade"  Nb  sheet.  However,  for 
reasons  of  higher  thermal  conductivity  and  reduction  of  material 
costs  an  alternative  solution  hu  been  pursued  at  CERN  from  the 
beginning:  thin  Nb  films  deposited  on  a  Cu  cavity  body  as  substrate 
(3]  (NhfCu  cavities).  This  technology  hu  been  mutered.  and  in 
addition  offers  inherent  advantages  not  anticipated.  Thermal 
breakdown  (quench)  from  tiny  normal  conducting  defects  is  absent 
thanks  to  the  larae  thermal  conductivity  of  the  OFHC-Cu  used  (400 
to  SOO  W/(mK)).  Shielding  agunst  static  magnetic  fields  of  the  same 
order  of  magnitude  u  the  earth's  magnetic  field  is  unneceuaty  (4], 
significantly  alleviating  the  task  to  obtain  high  Q  valuu  in  an 
accelerator  environment.  A  twin  module  of  two  Nb/Cu  cavitiu  (3] 
hu  succeufully  been  operated  in  the  SPS  acoelwator.  What  remains 
to  be  shown  is  the  fusibility  of  an  industrial  production  of  such 
cavities.  Therefore,  CERN  hu  launched  a  series  production  of  a 
small  number  of  Nb/Cu  cavitiu  in  house.  Eight  of  them  have  been 
assembled  into  two  modulu  to  conqilemem  the  fint  one  from  Nb 
sheet.  One  is  already  installed  in  LEP,  the  second  one  is  due  for 
installation  in  a  short  summu  shutdown,  raising  the  total  installed 
sx.  RF  voltage  up  to  the  designed  102  MV. 

II.  FABRICATION  AND  SUP’  ACE  PROCESSING 

The  beam  tubu  are  rolled,  longi- jdinally  elecuon  beam  (EB) 
welded,  ball  extruded  to  give  way  to  the  power  and  HOM  coupler 
holes.  The  cavity  half  cells  are  produced  by  lathe  spinning.  The  beam 
tubes  u  well  u  the  half  cells  are  degreued,  ground,  if  necessary, 
eleclropoUshed  (40  pm,  phosphoric  acid,  n-butanol),  and  rinsed  with 
water.  Conflat  type  flanges  are  brazed  to  the  coupler  and  beam  tube 
ports.  AH  parts  are  joined  by  EB  welding.  The  whole  cavity  is 
degreased,  filled  with  sulfamic  acid,  chemically  polished  (20  pm, 
sulfamic  acid,  n-butanol,  hydrogen  peroxide,  and  ammonium  citrate), 
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rinsed  with  sulfamic  acid,  water,  and  alcohol,  and  dried  under  clean 
laminv  air  flow.  The  magnetron  cathode  is  mourned  in  a  clus  100 
clean  room.  This  is  what  we  call  a  standard  procus.  The  sputtering  is 
performed  by  stepwise  powering  different  electromagnets  inside  the 
cathode.  Other  details  can  be  found  elsewhere  [6].  The  magnetron  is 
removed  in  the  clean  room,  the  cavity  equipped  with  RF  input  and 
pick-up  antennas,  closed,  and  rinsed  with  ulttapure  water 
08  Mn  cm)  from  a  moving  PVC  tube.  The  ruistivitiu  of  the  inlet 
and  outlet  water  are  recorded.  Pruently,  we  also  monitor  the  TOC 
(total  organic  carbon),  particle  content  (>  .1  pm),  and  at  regular 
totervals  the  bacteria  content  of  the  water  plant.  After  drying  by 
pumping,  the  cavity  is  vented  with  filtered  (.2  pm  pore  size)  dry 
nitrogen  gas,  mounted  on  the  cover  of  the  vertical  cryostat,  evacuated 
and  cooled  down  for  the  RF  tests  (uble  1). 


Table) 

RF  tests  on  Nb/Cu  LEP  type  cavities  (only  the  Iwt  coating  is  listed) 


Cavity 

« 

Coating 

« 

Treatment 

Q(B,»0) 

110>J 

Bamax 

(MVAn] 

«Hat 

spotsW 

4S 

4 

SV 

73 

4.6 

0 

46 

3 

sev 

7.0 

S.4 

0 

WRV 

7.1 

6.7 

H 

4.9 

S.5 

47 

2 

sev 

12. 

8.1 

1 

H 

7.0 

2.8 

H 

83 

6.1 

48 

3 

sev 

83 

6.8 

0 

V(b) 

8.0 

63 

49 

3 

sev 

10. 

9.4 

3 

H 

6.4 

7.1 

SO 

3 

sev 

9.0 

S.2 

0 

SI 

1 

SV 

8.0 

7.7 

S 

H 

43 

S3 

MH 

4.6 

6.1 

S2 

1 

SV 

8.1 

9.7 

0 

H 

S3 

S.4 

S3 

2 

SV 

9.0 

83 

1 

H 

S.9 

8.0 

S4 

1 

SV 

10. 

83 

H 

S.2 

63 

SS 

1 

SV 

73 

7.1 

H 

S3 

7.4 

S6 

2 

S(c)V 

9.0 

13 

0 

WRV 

9.0 

6.9 

S7 

1 

SV 

83 

S.8 

0 

H 

2.7 

5.1 

H 

2.8 

5.3 

MH 

2.8 

53 

V 

3.2 

3.7 

WR(ti)V 

8.5 

6.4 

(c)H 

8.0 

7.6 

Legeod:  S  « tundaid  uulmenl,  C  3  chemical  poluhmg  of  Cu  inatead  of 
dcctiopolislung.  R  «  nnaing,  W  •  water,  It  •  honzontal  teat,  V  a  ve-fcal  teat 
wilhota  welded  He  tank,  M  a  magnetic  compenaation  coila  mcunied,  (a)  •  -hot 
^>01'*  is  esplained  in  the  test,  (b)  a  with  He  lank  mounted,  (c)  a  no  WR,  (d)  > 
desinfecled  W. 

m.  THE  RF  TESTS 

A.  The  tests  of  the  ituUvidual  cavities  in  a  vertical  cryostat 

The  vertical  test  consists  of  the  determination  of  the  Q  value  vs 
accelerating  gradient  E^  at  4.2  K  (fig.  1),  RF  and  He  processing 
(conditioning  the  cavity  in  a  low  partial  pressure  of  He  gas),  if 
necessary,  to  eliminate  electron  loading  and  lowering  the  temperature 
by  pumping  on  the  He  bath  to  determine  the  residual  surface 
resistance  Rfe^,  the  BCS  surface  resistance  Rbcs>  performing 
temperature  mapping  [7]. 

Whenever  the  cavity  has  given  unsatisfactory  results,  for 
instance  stepwise  Q  decrease  and/or  persistent  electron  loading  from 
defects  of  the  Mb  layer  [3],  the  cavity  is  warmed  up  for  repair  which 
consists  of  removing  the  blister  or  stripping  the  Nb  layer  and 
recoating  the  cavity.  The  maximum  accelerating  gradient  of  an 
individud  cavity  is  9.7  MV/m  (table  1),  the  maximum  Q  value  (4.2 
K)  at  6  MV/m  4.8  •  lO’,  the  average  Q  value  (4.2  K)  at  6  MV/m 
4.0  •10’. 

Q  [10’]  (4.2  K,  Rntl  vertical  test) 
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Fig.  1  Q  value  vs  accelerating  field  for  LEP  type  Nb/Cu  cavities. 

In  order  to  study  the  long-term  stability  of  the  coating  we  have 
stored  a  cavity  for  two  years  under  dry  filtered  N2  gas.  The  RF 
performance  was  unchanged.  A  SOO  MHz  monocell  cavity,  when 
stored  under  laboratory  air  for  one  year,  showed  a  slight  decrease  of 
Q.  It  has  been  much  more  pronounced  after  a  bakeout  at  200'C 
(factor  2  lower). 

B.  The  tests  of  the  individual  cavities  in  a  horizontal  cryostat 

When  the  vertical  tests  give  satisfactoiy  results,  the  He  tank  is 
welded  around  the  cavity.  It  is  again  rinsed  with  ultrqiure  water, 
equipped  with  the  final  pick-up  antennas,  other  fittings,  and  the 
tuners  [8],  assembled  in  the  horizontal  accelerator  ciyosut,  evacuated 
to  a  pressure  in  the  lower  10*’  mbar  range,  and  cooled  down  to 
4.S  K.  Again,  the  Q  value  vs  accelerating  gradient  Eg  is  determined. 

In  about  half  the  cases,  the  results  of  the  vertical  and  horizontal 
tests  coincide  within  the  measurement  error  (10%).  In  the  other  cases 
a  decrease  of  the  Q  value  to  up  to  a  factor  of  2  has  been  encountered. 
One  such  cavity  (#  S7  in  table  1)  was  remeasured  vertically  (same 
result  as  horizontally),  rerinsed  with  ultrapure  water  from  our  clean 
water  plant  which  before  has  been  subject  to  disinfection  from 
bacteria  (<  10  colonies  per  100  ml  water).  The  Q  went  up  to  the  one 
obtained  before  the  degradation.  The  cavity  was  assembled  for  the 
horizontal  test  (no  water  rinsing)  and  the  Q(E3)  curve  remained 
essentially  the  same  as  in  the  previous  vertical  test. 

C,  Tests  on  the  static  magnetic  field  dependence 

The  results  of  tests  under  different  static  magnetic  fields  confirm 
what  has  been  observed  in  several  previous  tests.  Up  to  twice  the 
earth's  magnetic  field,  no  changes  in  Q  value  are  seen. 


We  also  have  applied  larger  static  magnetic  fields  Bq  (up  to 
S.l  mT)  perpendicular  to  the  equatorial  surface  by  mounting  a  coil  of 
.45  m  diameter  8  cm  off  the  equator  of  one  cell.  After  cool  down  we 
have  determined  Q(Ea)  in  a  convenient  parametrization  as,  for 
instance,  (2(Ea)  =  Qoexp(~^  ^a)  H1>  have  taken  temperature 
maps  (tables  2  and  3).  From  the  absolute  calibration  of  the  resistors 
[9]  we  analyze  the  supplementary  residual  surface  resistance.  When 
the  cavity  is  exposed  to  a  static  magnetic  field  of  S.l  mT,  strong 
electron  multipacting  is  observed. 


Table  2 

Parametrized  Q  curve  (Q(Ea)  =  Qo  exp(-®  E,))  at  4.2  K  for 
different  local  static  magnetic  fields 


Bo[mT] 

Qo 

o[m/(MV)] 

Q(6MV/m) 

0 

9i 

.141 

4.1 

2.5 

8.9 

.158 

<.7 

4.1 

7.8 

.197 

<.52 

5.1 

8.0 

.268 

<.36 

The  relative  error  of  and  a  is  10%,  [Q]  =  10’,  [Ea]  =  MVAn. 

Table  3 

Increase  of  local  residual  surface  resistance  at  3  K  by  static 
magnetic  field  of  2.5  mT 


E.[MV/m] 

Rjlocal  [nfi] 

4.1 

73  ±30 

53 

178  ±83 

6.3 

231  ±56 

D.  Test  of  the  complete  cryomodule  and  operation  in  LEP 

After  the  test  of  the  individual  cavities  in  their  horizontal 
accelerator  ciyosut  each  cavity  is  equipped  with  two  HOM  couplers 
and  a  power  coupler  [8]  (cryo-unit).  Four  cryo-units  are  Joined 
together  in  a  clean  area  into  the  common  accelerator  cryosut  of  12  m 
length  (cryomodule).  Its  toul  length  is  determined  by  the  width  of  the 
access  pits  of  LEP.  The  cryomodule  is  of  modular  construction.  It  has 
the  maximum  length  that  can  pass  through  the  LEP  access  pits.  For 
the  test  in  the  laboratory  with  a  I  MW  klysuon,  the  average 
accelerating  gradient  has  been  5  MV/m,  in  LEP,  3.7  MV/m. 
somewhat  lower  than  the  design  value  (5  MV/rn).  This  is  mainly  due 
to  an  insubility  of  the  RF  voltage  of  one  individual  cavity,  being 
investigated  right  now.  The  total  RF  voltage  from  2  cryomodules  in 
LEP  U  50  MV. 

For  the  HOM  couplers  we  have  chosen  a  demountable 
geometry.  The  tubular  coupling  port  needs  a  s.c.  surface  which  is 
always  sputter  deposited  with  the  cavity.  The  fundamental  mode 
cunent  is  shunted  away  at  the  front  end  of  the  coupler,  where  all 
surfaces  are  s.c.,  such  that  no  current  flows  across  the  joint  [10].  In 
addition,  this  HOM  coupler  interacts  electrically  and  magnetically, 
which  improves  the  damping  of  the  TEm  dipole  modes  at  460  MHz. 
The  overall  damping  siqiplied  is  relatively  high,  Qext  being  9000  for 
the  TMoii  mode  with  the  largest  (R/Q)  value,  55  O.  This  coupler  has 
sufficiem  damping  to  cope  with  16  bunches  in  LEP. 

IV.  DISCUSSION 

There  are  features  which  do  not  vary  significantly  between 
different  cavities.  The  BCS  surface  resistance  is  constant  (fig.  2), 
(Qbcs(‘^-2  K))  =  (l.l  ±  .1)  •  10*°.  The  lowest  residual  resistance  is 
<  2  nO.  We  did  not  observe  a  quench  due  to  exces.,  heating  at  a 
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defect.  There  are  7  coatings  with  no  “hot  spots”  (table  1),  defined  as 
a  peak  on  the  temperature  map  exceeding  100  mK  (SOO  mW  at 
2.S  K).  Conditioning  the  cavity  to  cure  against  electron  multipacting 
at  Ea  »  S  MV/m  [1 1]  is  short  (minutes).  Whenever  we  have  tested  the 
Q  value  under  the  influence  of  static  magnetic  field  up  to  about  two 
times  the  earth's  magnetic  field,  the  result  was  null.  Led  by  this 
encouraging  experience,  the  cryomodule  is  operated  in  LEP,  the 
performance  of  the  cavities  to  be  produced  by  industry  has  been 
specified  as  Qo  2  4  •  10’atEa  =  6MVMiand4JK. 
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Fig.  2  Q  values  vs  test  number  for  all  RF  tests  performed. 


There  are  other  features,  however,  which  differ  from  one  cavity 
to  the  other.  For  example,  the  number  of  hot  spots  varies  between  0 
and  S.  There  are  cavities  (about  one  half),  the  Q  value  and 
accelerating  field  of  which  are  lower  in  the  horizontal  test  than  in  the 
preceding  vertical  test.  The  residual  Q  value,  (Ores)  =■  S  *  f  0'^  *n4 
the  Q  value  at  6  MV/m,  (Q(6MV/m))  *  3  •  10’,  show  a  scatter 
(fig.  2).  High  resistivity  of  the  drain  water  (>  10  Mflcm)  is  not  a 
sufficient  condition  to  guarantee  short  He  processing  ( several  houn) 
(fig.  3).  But  it  is  a  necessary  condition  to  avoid  exceedingly  long  He 
processing  times  (>  25  h). 


vertical  test  set-up,  the  electron  loading  increased).  There  is  a 
correlation  of  the  drain  water  resistivity  and  the  time  needed  for  “He- 
processing”,  which  is  applied  to  reduce  electron  loading  by  field 
emission.  This  is  consistent  with  the  results  on  Nb  sheet  cavities  at 
KEK  [12].  After  having  controlled  the  clean  water  parameters  (TOC 
<  SO  ppb,  bacteria  content  <  10  colonies  per  100  ml,  resistivity  > 
17.S  MOcm)  and,  if  necessary,  purged  the  clean  water  plant,  the  Q 
value  has  been  high  and  the  maximum  accelerating  field  has  been 
obtained  rapidly  without  long  conditioning.  After  a  contamination  we 
have  been  able  to  reestablish  the  performance  of  a  cavity  with  clean 
water  rinsing  only  (#  57  in  table  1). 

The  insensitivity  of  the  Nb/Cu  cavities  against  small  enough 
static  magnetic  fields  is  confirmed  but  does  not  survive  up  to  fields  of 
3  mT  and  larger,  ’■  'hich  are  in  the  order  of  stray  fields  of  s.c.  magnets 
(future  LHC).  When  the  cavity  is  exposed  to  a  uniform  static 
magnetic  field  the  losses  are  certainly  more  than  4  times  larger  than 
the  experimentally  observed  losses  from  the  coil  (which  locally 
generates  the  same  field).  From  that  the  upper  bound  of  the  Q  value 
indicated  in  table  2  is  derived. 

V.  CONCLUSION 

The  first  cryomodule  of  four  352  MHz  Nb-cuated  Ci>  four-cell 
cavities  is  being  operated  in  LEP.  The  average  gradient  is  5.0  MV/m 
in  the  laboratory  and  3.7  MV/m  in  LEP.  The  maximum  accelerating 
field  of  an  individual  cavity  is  9.7  MV/m.  With  2  s.c.  modules  50 
MV  has  been  obtained  in  LEP. 
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Fig.  3  Long  duration  of  He  processing  is  correlated  with  a  low 
resistivity  of  the  drain  water  (not  conelated  with  the  inlet 
water). 

These  observations  indicate  that  the  parameter  set  for  cavity 
processing  is  not  yet  sufficient.  In  this  respect  our  report  gives  the 
status  on  how  to  improve  cavity  performance  and  is  not  yet  a  final 
one. 

We  feel  that  the  water  quality  is  important,  and  we  will  not 
exclude  the  possibility  that  the  assembly  might  have  caused  some 
problems  (after  displacing  the  cavity  from  the  horizontal  to  the 
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INTRODUCTION 

A  new  Main  Control  Room  (MCR)  has  been  built  to 
control  the  accelerators  of  the  AGS  Complex.  A  new  physical 
environment  was  produced  to  better  control  light,  sound, 
temperature,  and  traffic.  New  control  consoles  were  built 
around  the  woric-stations  that  make  up  the  distributed  control 
system.  Equipment  placement  within  consoles  and  console 
placement  within  the  room  reflect  attention  to  the  ‘human 
fmtors*  needs  of  the  operator. 

MASTER  PLAN 

The  Master  Plan  called  for  a  doubling  of  MCR  floor 
iqMce  to  1600  sq.ft,  a  new  lab  for  the  accelerator  operators, 
new  office  space,  an  MCR  conference  room,  a  relocated 
kitchen,  and  a  small  room  for  use  as  a  distribution  point  for 
control  wire  and  signal  cable.  Modification  of  the  ftcility 
began  in  1987.  In  order  to  minimize  the  impact  on  the 
Physics  program  woric  was  carried  out  during  subsequent 
summer  AGS  shutdowns  and  was  completed  in  1989. 
Further,  the  plan  would  correct  many  of  the  problems  found 
in  the  26  year  old  MCR:  insufficient  nun^  of  control 
stations,  inadequate  and  poor  control  over  lighting,  inadequate 
heating  and  vratilation,  high  ambient  noise  levels,  and  years 
of  accumulated  control  and  signal  wire. 

Five  control  consoles  were  built  and  installed  to 
increase  the  number  of  machine  physicists,  operators,  and 
development  personnel  that  could  be  supported  simultaneously. 
The  consoles  were  all  designed  and  implemented  as  general 
purpose  consoles  so  that  a  user  would  be  able  to  control  any 
facet  of  the  accelerator  operation  from  any  of  the  control 
consoles.  The  consoles  were  arrayed  in  circular  fashion,  see 
Figure  1,  in  order  to  better  allow  the  operations  staff  to  be 
aware  of  v^o  the  users  of  the  controls  were  at  any  time. 


Lighting  for  the  new  MCR  is  provided  by  four 
ind^>eodeot  concentric  rings  of  fluorescent  lighting  fixtures. 
The  outermost  ring  is  a  ‘wall  wash*  designed  to  provide 
sufficient  ambient  lighting  for  most  tasks  in  the  room  and  yet 
minimize  glare  on  the  wod:-station  screens.  The  innermost 
rings  consist  of  two  foot  by  two  foot  fixnires  that  make  use 
of  anti-glare  diffuses.  Each  console  is  also  provided  with 
locally  controlled  task  lighting  in  the  form  of  two  incandescent 
spotlights  aimed  at  the  console  work  area. 

Two  air  conditioning  zones  are  provided  for  cooling 
and  ventilation.  The  volume  above  the  dropped  ceiling  is  used 
as  a  supply  plenum  in  order  to  provide  air  with  reduced 
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foot  supply  diffuses  are  regularly  interspersed  amongst  the 
lighting  fixtures.  The  air  return  is  a  room  long  duct  located 
along  the  MCR  north  wall  and  it  is  an  integral  part  of  the 
forty  foot  long  storage  closet. 

Ambient  noise  is  controlled  by  a  fabric  covered 
acoustic  wall  tile  aiid  by  acoustic  ceiling  tiles.  Particularly 
noisy  equipment  was  removed  from  the  MCR  entirely. 

Hundreds  of  pounds  of  cable  and  wire  were  removed 
from  the  MCR.  Cable  distribution  is  accomplished  by 
pathways  under  a  new  mised  computer  floor.  A  'termiiul 
room  annex”,  adjacent  to  the  north  west  wall  of  the  MCR,  is 
the  source  for  all  signal  and  control  wire  as  opposed  to  the 
holes  in  the  ceiling  that  previously  directly  fed  the  consoles. 
Signal  distribution,  in  the  terminal  room  aimex,  it  done. on  a 
per  console  basis  and  one  has  the  ability  to  cross-connect 
signal  wires  between  any  consoles  simply  by  installing  jumper 
cablet  at  this  master  matrix. 

THE  CONSOLES 

Each  general  purpose  console,  see  Figure  2.  is 
made  up  of  a  core  of  five  racks,  four  of  which  contain  iden¬ 
tical  components,  placed  in  the  same  location  at  each  con¬ 
trol  station.  The  fifth  rack  contains  special  equipment,  for 
example  high  speed  oscilloscopes  and  each  ta^  houses  a 
laser  printer.  The  heart  of  each  ccjtrol  station  is  a  19* 
color  monitor  driven  by  an  Apollo  4500  processor  and  15* 
color  monitor  driven  by  an  Apollo  3000  processor.  The 
former  work-station  is  used  to  run  multiple  graphics  dis¬ 
plays  while  the  latter  runs  just  two  programs;  one  for  equip¬ 
ment  control  and  the  other  to  provide  switching  for  the 
analog  and  video  sigiud  multi-plexers  [1]  and  oscilloscope 
triggers. 


Each  console  supports  three,  four  channel  oscillo¬ 
scopes  of  varying  speed  and  capability.  Eight,  9"  video 
monitors  at  each  console  can  be  connected  to  any  of  64 
input  videos.  Each  console  can  also  reserve  the  input  to  a 
central  video  copier  for  hard-copy  records  of  any  video 
input.  An  alarm  screen  is  also  provided  at  each  station. 

Communications  hardware  was  also  addressed.  A 
commercially  available  digital  phone  system,  was  installed 
to  incorporate  public  address,  two  radio  channels,  four 
interphone  channels,  and  norma!  telephone  functions.  Two 
such  units  are  placed  at  each  console. 

Each  console  is  ideally  suited  to  support  two  opera¬ 
tors.  Equipment  is  arrayed  such  that  the  most  frequently 
used  functions  are  located  at  the  center  of  the  console.  Less 
frequently  used  systems  are  placed  at  the  extremes.  The 
console  wraps  around  the  operator  in  two  planes  so  that 
minimal  head  movement  is  required  to  see  any  of  the  dis¬ 
plays. 

Conclusion 

After  a  year  of  use  and  some  fine  tuning  the  users 
ate,  in  general,  pleased  with  the  results.  The  project  is  the 
result  of  the  liard  work  and  dedication  of  the  MCR  opera¬ 
tions  staff  and  a  ho.st  of  others  in  the  AGS  Department. 
Special  recognition  goes  to  Dr.  Tb.  Sluyters  and  Mr.  J. 
Gricoli  whose  vision  and  support  made  the  new  MCR  possi¬ 
ble. 
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Abitraci 

The  3  GeV  Iigector  is  the  electron  beam  source  for  the 
SPEAR  Storage  Ring,  and  its  personnel  safety  system  was 
designed  to  protect  personnel  from  both  radiation  exposure' 
and  electrical  hasards.  The  Personnel  Protection  System 
(PPS)  was  designed  and  implemented  with  complete  re¬ 
dundancy  and  is  a  relay  based  interlock  system  completely 
independent  from  the  machine  protection  system.  A  com¬ 
prehensive  monitoring  of  the  system  status,  and  control  of 
the  Ii^ector  PPS  from  the  SPEAR  Control  Room  via  the 
control  computer  is  a  feature.  The  Beam  Containment  Sys¬ 
tem  (BCS)  is  br  ed  on  beam  current  measurements  along 
the  Lbac  and  Oti  Beam  Shut  Off  Ion  Chambers  (BSOIC) 
installed  outside  the  Linac,  at  several  locations  around  the 
Booster,  and  around  the  SPEAR  storage  ring.  An  outline 
of  the  design  criteria  is  presented  with  more  detailed  de¬ 
scription  of  the  philosophy  of  the  PPS  logic  and  the  BCS. 

I.  Introduction 

A  Personnel  Protection  System  can  be  considered  to 
have  two  main  parts,  an  access  control  system  and  a  radi¬ 
ation  alarm  system. 

The  acceu  control  system  is  intended  to  prevent  unau¬ 
thorised  or  accidental  entry  mto  radiation  areas.  Elements 
of  this  system  include  physical  barriers,  beam  stoppers, 
signs,  closed  circuit  TV,  flashing  lights,  audible  warning 
devices  including  the  associated  interlock  system,  and  a 
body  of  administrative  procedures  that  define  conditions 
where  entry  is  safe.  The  radiation  alarm  system  can  in¬ 
clude  radiation  sensors  which  monitor  radiation  field  di¬ 
rectly,  or  indirect  methods  like  the  use  of  beam  current 
detectors. 

The  Iigecror  is  divided  into  two  independent  Person¬ 
nel  Protection  Systems,  one  for  the  Linac  vault  and  Diag¬ 
nostics  room  and  the  second  for  the  Booster  ring  and  trans¬ 
port  line.  The  SPEAR  storage  ting  is  controlled  by  and 
independent  PPS. 

The  LTB  (Linac- To-Booster)  beam  stoppers  separate 
the  Booster  from  the  Linac  and  are  controlled  from  the 
Booster  PPS  Control  Panel.  The  BTS  (Booster-To- 
SPEAR)  beam  stoppers  separate  the  SPEAR  storage  ting 
from  the  Booster  ond  ate  controlled  from  the  SPEAR  PPS 
Control  Panel. 

The  Linac,  the  Booster,  and  the  SPEAR  Storage  Ring 
ate  operated  as  independent  systems.  Linac  studies  can 
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be  carried  out  by  switching  the  Linac  beam  into  the 
Diagnostics  room  while  permitting  entry  to  the  Booster, 
and  Booster  studies  can  be  carried  out  by  insetting  the 
BTS  stoppers,  which  allows  entry  to  SPEAR.  The  various 
modes  of  operation  are  summarised  in  table  1. 


Table  1 

The  Linac,  Booster,  and  SPEAR  Storage  Ring  modes  of 
operation. 


Linac 

BOOSTER 

SPEAR 

Operates 

Operates 

Operates 

Operates 

Operates 

Does  not  operate 

Operates 

Doesn't  Operate 

Operates 

Operates 

Doesn't  Operate 

Doesn't  Operate 

Doesn't  Operate 

Operates 

Operates 

Doesn't  Operate 

Operates 

Doesn't  Operate 

Doesn't  Operate 

Doesn't  Operate 

Operates 

Doesn't  Operate 

Doesn't  Operate 

Doesn't  Operate 

II.  Philosophy 

The  Iivjector  PPS  provides  the  operational  flexibility  re¬ 
quired  for  the  various  modes  of  operation  yet  is  sufficiently 
interlocked  so  that  reliance  on  administrative  procedures 
is  minimised.  The  aim  of  the  PPS  is  to  protect  people  and 
not  the  machine,  therefore  the  system  is  fully  independent 
and  distinct  from  the  machine  control  system.  The  main 
design  iules  for  the  PPS  [1]  ate:  (1)  The  using  of  compo¬ 
nents  with  high  degree  of  reliability  (2)  Designing  fail-safe 
circuits  (3)  Building  duplicate  circuits  or  redundant  com¬ 
ponents  in  critical  applications  where  the  single  failure  of 
a  circuit  or  device  could  lead  to  a  hasard. 

III.  System  Design  [2] 

A.  Accett  Interlocks 

The  Linac  vault  and  Diagnostics  room  Access  Interlock  is 
designed  to  provide  the  following  Security  Levels; 

Permitted  —  Unrestricted  entry  to  the  Linac 

Access  vault  and  the  Diagnostics  room. 

The  Linac  RF  and  the  electrical 
hasards  are  OFF. 

No  Access  —  The  Linac  vault  and  Di'\gnostics 
room  are  searched  and  secured. 
Linac  may  be  turned  ON. 
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The  Booster  Access  Interlock  is  designed  to  provide  the 
following  Security  Levels; 

Permitted  —  Unrestricted  entry  to  the  Booster 
Access  area.  Beam  OFF,  LTB  stoppers  and 

Booster  RF  are  IN/OFF,  electrical 
hasards  are  OFF. 

Controlled  —  Entry  under  control  of  the  Boost> 
Access  er  operator;  requires  a  key  re¬ 

lease  and  logging  of  entries.  Beam 
OFF,  LTB  stoppers  and  Booster  RF 
are  IN/OFF,  electrical  hasards  are 
OFF. 

Restricted  —  Booster  has  been  searched  and  se- 
Access  cured.  Beam  OFF,  LTB  stoppers 

and  Booster  RF  are  IN/OFF,  elec¬ 
trical  hasards  may  be  energised. 
Restricted  —  Booster  has  been  searched  and  se- 
Access  cured.  Beam  OFF,  LTB  stoppers 

Safety  Key  and  Booster  RF  are  IN/OFF,  elec- 
(RASK)  trical  hasards  may  be  energised. 

The  RASK  mode  provides  a  mech¬ 
anism  for  a  Hasard  Test  Team  to 
enter  the  Booster  and  test  electrical 
hasards. 

No  Access  —  The  Booster  has  been  searched  and 
secured.  LTB  stoppers  may  be 
opened  and  Booster  RF  may  be 
turned  ON,  electrical  hasards  and 
beam  may  be  turned  ON. 

The  transfer  of  the  Booster  access  mode  is  always  done 
in  a  sequence: 

PA=i-CA^RA^  NA 
PA^CA^RA^  NA 


Table  2 

Access/Stopper  Requirements. 


Rtquint  that 

Acctu  to 

SPEAR 

Ring 

Stopptrs 

BTS 

Stopptrs 

Boosttr 

Stopptrs 

Additional 

Rtquirtmtnts 

SPEAR 

Ring 

IN 

IN 

N/A 

SPEAR  RF 
and  Eltctri- 
cal  Haiards 
OFF 

BTS  Trant. 
port  Lint 

IN 

IN 

IN 

Booit<.r 

Ring 

N/R 

N/R 

IN 

Boosttr 

Eicetri- 

cal  Haiards 

OFF 

Linac/Oiag. 

Rooms 

N/A 

N/A 

N/R 

Linac  RF 
and  Eitc. 
Hasards 

OFF 

— N/A  =  Bot  •pplicsble,  N/R  =  not  required — 


The  access  to  the  SPEAR  or  Booster  ring  requites  that 
the  appropriate  stoppers  be  “IN” .  The  Access/Stopper  sta¬ 
tus  are  given  in  table  2. 


Table  3 

PPS  Violation  and  Response. 


m 

viaitiOHN 

mm 

mic 

rs 

siorrm 

eoona 

siomiB 

tiwc 

srcAfi 

warn 

sann 

wgmth 

H/TtM 

sierras 

MDUIONN. 

fEsncE 

IM 

IN 

iFm 
SIOfflRSIIC 
iCI  IN 

Off 

p  iTi  n  iTi 

SfOVCSSIft 
Ml  IN 

Wk 

m 

Olf 

aECffilCAL 
NO  fir 
wim 

BTS 

tN 

IN 

IN 

Off 

If  U!  (A  in 
sicmfstfk 
Ml  IN 

m 

m 

w 

mm 

w 

HUIMD 

MSttS 

RINB 

B'k 

IN 

erf 

If  III 

siorrcRStfE 
Ml  IN 

wk 

Wk 

W 

lOOSIM 

CIECIRICN. 

M)ir 

mim 

imcitt 

DlAMSIin 

IBM 

Ml 

Ml 

IN 

V  Itt 

M  IN 

Off 

Wk 

Wk 

SAormiiN 

U«IIM 

tuioi 

IN 

IN 

IN 

If  m 
siouhsik 

Ml  IN 

Ml 

Wk 

IN 

-N/A  =  not  iipplieoblt,  N/R  =  not  required- 


B.  Rules  and  Functional  Description 

1.  All  doors  have  provisions  for  opening  mechanically 
in  emergency  situations. 

2.  Emergency  Off  units  are  installed  in  the  Linac  vault 
and  Diagnostics  room,  and  in  the  Booster  ring. 

3.  Opening  the  gates  for  entrance  to  the  Booster  or  exit 
from  inside  while  the  Booster  is  in  the  Controlled 
Access,  is  supervised  by  an  Operator.  A  solenoid 
release  mechanism  is  used. 

4.  In  Restricted  Access  only  the  electrical  hasards  may 
be  energised.  The  Booster  RF  power  system  is  in¬ 
terlocked  Off  during  this  access  mode. 

3.  When  the  Booster  is  in  Restricted  Access  or  No 
Access,  NO  gate  is  allowed  to  open  under  any  cir¬ 
cumstances  except  emergencies.  Any  time  a  gate  is 
opened  a  Security  Fault  results. 

6.  Opening  any  interlocked  gate  or  door  when  not  al¬ 
lowed,  or  actuating  an  Emergency  Off  button  or 
Emergency  Entry/Exit,  in  the  Linac  vault  and  Diag¬ 
nostics  room,  after  they  have  been  searched  and  se¬ 
cured  results  in  a  Security  Fault  and  terminates  the 
secured  state.  The  Linac  vault  and  Diagnostics  room 
must  be  re-searched  and  re-secured.  The  response  to 
a  PPS  violation  in  the  Linac  vault  or  Diagnostics 
room  u  shown  in  table  3. 

7.  Opening  any  interlocked  gate  or  door  when  not  al¬ 
lowed,  or  actuating  an  Emergency  Off  button  or 
Emergency  Entry/Exit,  after  the  Booster  has  been 
searched  and  secured  results  in  a  Security  Fault  and 
terminates  the  secured  state.  The  Booster  must  be 
re-searched  and  re-secured.  The  Booster  must  be 
re-searched  and  re-secured.  The  response  to  a  PPS 
violation  in  the  Booster  is  shown  in  table  3. 

The  response  to  PPS  violations  in  the  SPEAR  ring  [3], 
the  Booster-To-SPEAR  transport  line  and  in  a  synchrotron 
beam  line  hutch  is  also  shown  in  table  3. 
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C.  The  RASK  Mode 

The  personnel  protection  system  is  designed  to  protect 
personnel  from  both  radiation  exposure  and  electrical  has- 
ards.  As  such,  the  Access  Interlock  prevents  the  operation 
of  electrical  hazards  while  personnel  are  in  the  ring.  The 
RASK  mode  provides  a  mechanism  for  a  test  team  to  en¬ 
ter  the  Booster  and  test  electrical  hazards.  RASK  is  the 
acronym  for  Restricted  Access  Safety  Key.  When  in  the 
RASK  mode:  (1)  The  Booster  can  not  be  transferred  to  No 
Access  (2)  The  keybanks  at  the  entry  points  to  the  Boost¬ 
er  cannot  release  additional  keys.  (3)  The  keyswitches  on 
each  Emergency  Off  unit  are  active,  and  the  Safety  Key 
can  switch  ON  the  Hazard  Enable  Permissive.  (4)  The 
emergency  off  units  in  the  Booster  provide  a  local  shut-off 
of  the  all  electrical  hazards  in  case  of  an  emergency. 

Z>.  Operation  of  the  Bootter  PPS  from  SPEAR  Control 
Room 

The  PPS  is  interfaced  to  the  control  computer  through 
isolated  digital  input  and  output  modules  known  as  IDIM- 
s  find  IDOMs  respectively.  The  IDIMs  and  IDOMs  are 
CAMAC  based  modules.  For  each  hardware  PPS  status 
lamp  and  control  button  there  is  an  equivalent  digital  sig¬ 
nal  interfaced  through  IDIM  and  IDOM  modules.  This 
facilitates  the  construction  of  the  computer  status  moni¬ 
toring  and  control  system  menu  which  is  designed  to  look 
very  similar  to  the  actual  PPS  panel,  and  to  minimize  any 
potential  source  of  confusion  about  the  differences  in  op¬ 
eration  between  the  two.  Operating  the  Booster  PPS  by 
computer  has  the  same  effect  as  pushing  the  physical  but¬ 
tons  on  the  PPS  control  panel.  The  PPS  logic  is  in  control 
of  the  system  and  will  not  respond  to  erroneous  remote 
commands  unless  the  correct  conditions  exist.  One  addi¬ 
tional  feature  of  the  computer  interface  is  that  the  digital 
control  functions  are  interlocked  with  a  hardware  enable 
button  located  in  the  SPEAR  Control  Room  which  must 
be  pushed  for  any  computer  control  commands  to  have  ef¬ 
fect.  This  is  to  prevent  accidental  commands  sent  to  the 
Booster  PPS  by  the  computer  user  at  the  SPEAR  Control 
Room. 

E.  Beam  Containment 

The  Beam  Containment  System  (BCS)  [4]  is  based  on 
beam  current  measurements  along  the  Linac,  on  monitor¬ 
ing  the  chopper  high  voltage  pulse,  and  on  Beam  Shut  Off 
Ion  Chambers  (BSOIC).  The  Beam  Containment  Interlock 
for  the  Iiyector  is  designed  to  remove  power  from  the  three 
Linac  sections  that  accelerate  particles  from  s:2.5  MeV 
to  nlhO  MeV  by  interrupting  trigger  signak  to  the  Linac 
modulators  and  to  the  RF  amplifier  that  provides  the  s- 
band  drive  signal  to  the  Linac  klystrons  if:  (1)  The  number 
of  accelerated  particles  in  the  Linac  pulse  exceeds  a  preset 
limit.  (2)  The  high  voltage  puke  applied  to  the  chopper  is 
too  high,  allowing  more  than  a  few  s-band  bunches  to  enter 
the  Linac.  (3)  An  excessive  radiation  level  k  detected  by 
any  one  BSOIC  connected  to  the  interlock.  Redundancy 


in  the  beam  current  measurement  k  provided  by  measur¬ 
ing  the  current  at  two  locations  using  two  toroids  and  two 
Average  Current  Monitors  (ACM).  The  output  signal  from 
each  toroid  is  amplified  and  integrated.  If  the  integrated 
current  exceeds  a  preset  value,  a  system  fault  is  generated. 
The  BSOIC’s  are  installed  in  the  following  locations:  one 
BSOIC  inside  the  Booster  ring  shielding  adjacent  to  the 
LTB  line,  (the  fault  channel  of  this  BSOIC  is  automatically 
bypassed  when  the  Booster  is  in  No  Access);  two  BSOIC’s 
outside  the  Linac  room;  five  BSOIC’s  outside  the  Booster 
ring  and  the  Booster-To-SPEAR  transport  line,  and  twelve 
BSOIC’s  around  the  SPEAR  ring.  All  BSOIC’s  are  adjust¬ 
ed  to  produce  an  alarm  signal  if  the  radiation  level  exceeds 
10  mrem/hr,  and  produce  a  trip  if  the:  radiation  level  ex¬ 
ceeds  50  mrem/hr.  All  BSOIC’s  faults  are  latched  and  are 
individually  resetable  locally  with  Interface  Chassis  reset 
buttons,  or  the  can  be  reset  collectively  via  the  Injector 
computer. 

IV.  Glossary 

LTB  stoppers:  Two  mechanical  stoppers  and  one 

dipole  magnet 

Booster  stoppers:  LTB  stoopers  and  the  Booster  RF 

BTS  stoppers:  One  mechanical  stopper,  BTS 

dipole  magnets,  and  Ejection 
Septum  manget 
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Abstract 

A  cooling-water  system  the  Accelerator  Test  Facility  of 
Japan  Linear  Collider  has  been  constructed  and  operated 
successfully.  The  input  temperature  of  the  cooling-water 
supplied  to  the  subharmonic  bunchers,  prebunchers  and 
accderating  structures  is  required  to  hold  at  36.S  ±  0.1  ‘C  in 
order  to  insure  the  electrical  phase  stability.  The  temperature 
control  for  this  system  employs  a  three-way  valve,  a  tank  and 
line  heaters.  The  design,  specifications  and  results  of 
performance  tests  of  the  system  are  described. 

I.  INTRODUCTION 

A  TeV  electron-positron  linear  collider  JLC  ( Japan  Linear 
Collider)  has  been  proposed  in  KEK.  In  order  to  realize  the 
JLC,  there  are  many  technical  problems  to  be  solved.  In  order 
to  solve  the  technical  problems  and  develop  the  linear  collider 
technologies,  the  Accelerator  Test  Facility  <  ATP )  has  been 
built  [1].  In  the  ATF  in  Phase-I,  we  have  constructed  the 
injection  system  consisting  of  a  240  keV  electron  gun, 
subhermonic  bunchers  (  SHB  ),  prebunchers  and  a  short 
regular  section  which  is  0.6  m  long  of  a  2856  MHz,  2n/3 
mode,  constant-gradient  structure  [2].  A  cooling-water  system 
has  to  be  developed  in  order  to  realize  the  stable  operation  of  the 
AIF.  A  cooling-water  system  for  the  ATP  is  classified  into  two 
types  as  a  dummy  load  cooling-water  system  and  a  0.1  '’C 
control  cooling-water  system.  The  former  supplies  the  cooling- 
water  to  the  dummy  load  of  the  accelerating  structure,  helmlioltz 
coils  and  so  on,  which  are  not  necessary  for  high  precision 
tempmture  control.  The  latter  supplies  the  cooling-water  to  the 
SHBs,  prebunchers  and  accelerating  structures,  which  are 
necessary  to  control  the  temperature  of  the  cooling-water  with 
an  accuracy  of  ±  0.1  **C  in  order  to  insure  the  electrical  phase 
stability.  In  this  pap»,  the  design,  specifications  and  results  of 
performance  tests  of  the  0.1  °C  control  cooling-water  system 
are  described. 

n.  DESIGN  AND  SPECIHCATIONS 
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The  temperature  control  of  the  accelerating  structure  is 
necessary  to  maintain  electrical  phase  stability.  In  the  ATF,  we 
use  the  0.6  m  accelerating  structure  which  is  2n/3  traveling 
wave  constant  gradient  type  with  17-cells.  The  phase  shift 
caused  by  the  deviation  of  the  temperature  of  this  accelerating 
structure  is  about  7  TC.  Therefore,  the  stability  of  water 
temperature  must  be  <  ±  0.1  T. 

The  input  temperature  of  the  cooling-water  in  the  accelerating 
structure  is  usually  around  30  ’’C.  The  cooling-water  system  for 
this  input  temperature  needs  a  refrigerator  since  maximum 
atmospheric  temperature  is  more  than  30  **€  in  summer.  If  the 
input  temperature  is  set  at  more  than  35  T.  we  can  adapt  a 
simple  cooling-water  system  using  a  heater  and  cooling  tower. 
Thus,  the  input  temperature  was  set  at  36.5  **C  to  employ  a 
cooling-water  system  controlling  water  temperature  only  by 
heaters.  The  control  system  with  the  heater  is  easy  and 
adaptable  for  high  precision  temperature  control.  Thus,  the 
temperature  of  the  cooling-water  supplied  to  the  injector  must 
be  held  at  36.5  ±  O.I  °C.  Design  and  operating  parameters  for 
this  system  are  shown  in  Table  1. 


Piebuncherll 

10 

0.: 

Buncher 

15 

0.5 

0.6  m  accelerating  structure 

20 

7.2 

Accelerating  structure* 

20x3 

7.2x3 

Total 

130 

29.581 

{*  Three  accelerating  structures  will  be  installed  in  future.) 


in.  System  description 


A.  Eqmpment 

A  flow  diagram  of  the  system  is  shown  in  Fig.  1.  It  consists 
of  three  loops  as  follows;  the  primary,  the  secondary  and  the 
accelerator  cooling-water  loop.  Two  heat  exchangers  HEXl 


and  HEX2  aie  used  to  sqiaiate  the  primary  cooling-water  from 
the  radioactive  water  of  the  injecto-. 


Fig.  1.  Flow  diagram  of  the  0.1  control  cooling-water 
system 


As  a  primary  loop,  we  uses  the  laboratory  cooling-water 
system  which  consists  of  a  closed-loop  and  a  cooling  tower 
having  a  0.44  MW  rating  at  30  T  and  a  flow  of  8S0  l/min,  and 
b  automatically  operated  at  the  setting  value  (tf  30  T. 

The  secondary  cooling-water  loop  consists  of  a  pump,  a 
storage  tank  (TKl),  two  heat  exchangers  HEXl  and  HEX2. 
and  the  three-way  valve.  It  b  connected  to  the  primary  and  the 
accelerator  cooling- water  loop  through  the  HBXl  and  HEX2, 
which  have  a  rated  capacity  of  59  kW.  The  three-way  valve  b 
used  to  control  the  temperature  of  cooling-water  of  self-loop. 
The  pump  has  a  rated  delivery  of  200  l/min.  and  a  discharged 
{Messure  of  ~  2  kgAim^. 

The  accelerator  cooling-water  loop  consuls  of  a  storage  tank 
(TK2)  with  a  heater,  a  pump  and  line  heaters.  It  b  used  to 
provide  the  cooling-water  to  accelerator  components  such  as  the 
SHBs.  prebunchers  and  accelerating  structures.  The  tank  TK2 
has  a  S  kw  heater  (HI)  to  control  its  water  temperature,  and  a 
pump  to  keep  the  water  temperature  uniformly.  The  ct^ity  of 
the  tank  TK2  and  the  capability  of  the  heater  HT  were 
determined  experimentally.  The  circulating  pump  has  a  rated 
delivery  of  ISO  l/min.  and  a  discharged  pressure  ctf  ~  3  kg/ern^. 
The  line  heater  b  set  just  befwe  each  load  and  controlled  with 
an  accuracy  of  ±  0.1  °C.  The  heater  capability  for  the  0.6  m 
accelerating  structure  is  2kW.  All  pipes  are  made  from  the 
stainless  steel  SUS  304.  Table  2  shows  specifications  of  the 
system.  The  storage  tanks,  pumps  and  heat  exchangers  are 
housed  in  the  same  equqHnent. 

B. Temperature  monitor  and  control 

In  order  to  monitor  the  water  temperature  and  control  the 
three-way  valve,  the  tank  heater  and  line  heaters,  we  use  four 
thermistor  sensors  Tl,  T2,  T3  and  T4,  which  have  an  accuracy 
of  ±  0.01  ®C.  The  sensors  are  located  as  shown  in  Fig.  1.  The 
procedure  of  the  temperature  control  in  this  system  consists  of 


three  steps  such  as  the  three-way  valve  control,  the  tank  heater 
control  and  the  line  heater  control.  Firstly,  the  three-way  valve 
is  conuroUed  at  the  setting  value  of  36.0  °C  by  the  feedback 
control  using  the  thermbtor  sensor  Tl.  Secondary,  the  heater 
set  in  the  tank  TK2  is  controlled  at  the  setting  value  of  36.3 
by  the  feedback  control  using  the  diermistor  sensor  T2.  Finally, 
the  line  heater  for  each  load  is  controlled  at  the  setting  value  of 
36.S  T  by  the  feedback  control  using  the  thermbtor  sensw  T3. 
All  controb  for  the  three-way  valve  and  heaters  are  carried  out 
by  using  FID  control. 

The  dbtance  between  the  cooling-water  equipment  and  line 
heater  is  about  20  m  and  the  system  is  distributed  in  wide 
range.  In  order  to  operate  this  system,  we  adapt  the  intensive 
control  and  monitoring  system.  It  is  also  necessary  for  the 
easiness  of  both  a  maintenance  and  a  operation.  The  controb 
console  b  located  near  the  cooling-water  equipment  and  has  the 
control  panel  which  contains  all  the  necessary  controb,  meters, 
and  interlock  dbplays  to  operate  thb  system. 

Table  2 


Specifications  of  the  0.1  °C  control  cooling-water  system 


(l)Primary  cooling-water  loop 

Pipe  diameter 

2iB(JlS*65A) 

Water  flow 

200  l/min. 

Input  temperature 

33*C(max.) 

Heat  Exchanger  capability 

59  kW 

(HEXl) 

^}Secondary  co<ding-water  loop 

Pipe  diameter 

2iB(JlS65A) 

Capacity  of  storage  tank 

3001 

(TKl) 

Heat  Exchanger  capability 

59  kW 

(HEX2) 

(3)Axelerator  cooling-water  loop 

Pi)»  diameter 

liB(JIS40A) 

Capacity  of  storage  tank 

3001 

(TK2) 

Tank  heater  (HT) 

5kW 

Line  healer  (HL) 

0.5~2kW 

Accuracy  of  thermbtor  sensor 

±0.01  «C 

Total  heat  load 

29.581  kW 

*JIS :  Japanese  industrial  Standards 

rV.  PERFORMANCE  TESTS 

Prior  to  the  practical  use  of  the  ATF  cooling-water  system, 
we  performed  tests  by  feeding  the  RF  power  to  the  0.6  m 
accelerating  structure.  The  ptocedure  of  the  test  is  as  follows: 
After  adjusting  the  PID  control,  the  RF  power  of  100  MW,  800 
ns  widtli  and  SO  pps  is  switched  on  and  off  after  20  minuets. 
During  30  minuets,  we  monitored  the  temperatures  at  T2,  T3 
andT4. 
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Figure  2  shows  the  temperatures  at  T2,  T3  and  T4  as  a 
function  of  time.  It  shows  diat  die  input  tenqierature  (13)  of  the 
cooling'waier  is  suCBciendy  controUed  widi  an  accuracy  of  ± 
0.1^. 


Rg.  2  Tenqienture  at  T2,T3  and  T4  as  a  function  of  time. 
The  fifst  peak  id  T4  it  due  to  RP-OFF  for  the  interlock. 

Next,  we  tested  the  system  under  the  condition  that  thecapacity 
of  the  Stonge  tank  TK2  was  100, 200  and  300  litters  because  it 
was  one  of  the  most  important  parameten  in  this  system. 
Figure  3  shows  the  temperature  at  T3  as  a  function  of  time  for 
the  tank  11C2  of  100,  200  and  300  litters.  It  shows  that  the 
temperature  control  becomes  dinicult  as  decreasing  the  capacity 
of  the  TK2  but  the  accuracy  of  1 0.1  is  obtainable  for  the 
capacity  of  theTK2of  more  than  200  litters. 


Fig.  4  Temperature  at  T3  as  a  function  of  time  for  the  storage 
tank  TK2  of  100, 200  and  300  litters.  The  heater  of  TK2  is  off. 

V.  Summary 

The  construction  of  the  water-cooling  system  for  the  ATF 
has  been  completed  and  operated  successfully.  The  high 
precision  temperature  control  of  36.5  ±  0.1  T  was  performed 
by  using  the  three-way  valve,  the  tank  heater  and  the  line  heater 
without  any  serious  p^lem. 
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Fig.  3  Temperature  at  T3  as  a  function  of  time  for  the  storage 
tank  TK2  of  100, 200  and  300  litters. 


Finally,  we  performed  the  test  mentioned  above  under  the 
conditimi  that  the  herier  of  the  TK2  was  off.  Figure  3  shows 
the  temperature  at  T3  as  a  function  of  time.  It  shows  that  if  the 
capacity  of  the  TK2  is  more  than  300  litters,  the  temperature 
contrd  with  an  accuracy  of  ±  0.1  °C  is  possible  even  in  the  case 
that  the  heater  of  the  TK2  is  (tff. 
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Abstract 

A  Blumlein-type  X-band  klystron  modulator  using 
magnetic-puIse-comiMession  (MPC)  techniques  was  designed 
and  constructed  relevant  to  tte  future  J^mui  Linear  Collider 
(JLQ  project  This  modulator  has  been  designed  to  produce 
pulses  that  are  200-ns  wide,  600-kV  peak  voltage,  1200-A 
peak  current  and  a  shwt  rise  time  of  ~  70  ns  with  a  iqpetition 
rate  exceeding  200  Hz.  To  realize  a  compact  modulator,  a 
spiral  structure  was  adopted  to  conductors  of  the  uriaxial 
Blumlein.  Special  care  was  taken  regarding  the  location  of 
the  magnetic  switch  and  the  charging  reactor  in  order  to 
eliminate  any  undesirable  voltage  during  the  charging  process. 
Details  concerning  this  X-band  klystron  modulator  and  its 
pteliminaiy  performance  are  described. 

I.  INTRODUCTION 

An  e*c’  linear  collider  in  the  TeV  region  (JLC  project) 
has  been  proposed  as  a  post-TRISTAN  project  [1,2]. 
Considering  the  relation  whi^  governs  the  design  of  a  linear 
collider,  an  accelerating  gradient  of  the  order  of  at  least  100 
MV/m  is  required  for  the  facility  to  be  of  reasonable  scale. 
Achieving  this  high  gradient  requires  a  high-power  microwave 
source  with  a  output  power  of  -  150  MW/m  at  a 
frequency  of  11. 4  GHz  [2].  Ibe  develrganent  of  high-power 
X-band  Mystrons  using  conventional  technology  was  started 
for  this  purpose  [3].  A  30-MW  model  of  this  X-band 
klystron  was  high-voltage  conditioned  using  one  of  the 
modulators  prepared  for  the  KEK  test  accelerator  facility 
(TAP)  which  was  established  in  1987  to  pursue  R&D 
technology  for  future  linear  colliders  [4].  Although 
processing  with  2-ps  and  2-Hz  pulses  was  successful  [3],  the 
development  of  an  X-band  klystron  modulator  using  MPC 
techniques  [S]  was  initiated  in  order  to  sui^ly  very  short 
pulses  (~  200  ns),  since  the  required  pulse  ^t-top  is  of  the 
order  of  100  ns  [2]. 

Two  types  of  modulator  designs  using  MPC  techniques 
are  considered  because  of  their  very  short  rise-time  capability 
and  high  reliability;  they  consist  of  only  passive  components, 
such  as  saturable  inductors,  capacitors  and  Blumlein.  One  is 
a  semi-convcntional-type  modulator  which  comprises  a  pulse- 
forming  network  (PE^,  a  pulse  transformer  and  magnetic 
switches  (see  Fig.  1).  A  detailed  description  is  given  in  ref. 
[6].  The  other  is  a  Blumlein-type  modulator  (see  Fig.  2). 
Since  the  impedance  of  the  Blumlein  is  half  that  of  the 
klystron  load,  this  type  modulator  seems  to  have  some 
advantage  in  realizing  a  very  short  rise  time  which  is 
generally  very  difficult  for  a  high-impedance  load. 

This  paper  describes  the  Blumlein-type  X-band  klystron 
modulator  and  its  preliminary  performance  tests. 


Figure  1.  Simplified  diagram  of  the  X-band  klystron 
modulator  using  a  PFN,  pulse  transformer  and 
magnetic  switch^ 


Figure  2.  Simplified  diagram  of  the  Blumlein-type 
modulator. 


II.  BLUMLEIN  TYPE  X-BAND  KLYSTRON 
MODULATOR 

A.  Modulator  Spectfications 

The  qjieciffcations  of  the  X-band  klystron  modulator  are 
listed  in  Table  1. 

Table  1 


Specifications  of  the  X-bant 

klystron  modulator 

Output  pulse  voltage  range 

400  ~600kV 

Output  pulse  current  (Max.) 

1200  A 

Output  impedance 

SOOG 

Rise  time 

less  than  100  ns 

Pulse  length  (flat-top) 

longer  than  100  ns 

Pulse  amplitude  drift 

less  than  1  % 

Jitter 

less  than  S  ns 

Pulse  repetition  rate 

200  pps 

The  output  impedance  of  the  modulator  is  strongly 
dependent  on  the  microperveance  of  the  klystron.  Although 
the  impedance  of  the  prototype  X-band  klystron  is  of  the  order 
of  several  kG,  the  impedance  of  the  modulator  was  designed 
to  be  SOO  G  for  the  following  reasons:  1)  Since  we  arc  in  the 
very  first  R&D  stage  of  using  the  X-band  klystron,  we  must 
consider  the  lowest  probable  value  of  the  klystron  regarding 
impedance  in  order  to  prepare  for  any  change  in  its  design. 
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2)  In  (^r  to  reduce  the  construction  costs  of  the  future  linear 
rolUder,  simultaneous  power  feeding  to  several  klystrons 
,%m  a  single  modulator  is  inevitable,  which  results  in  a 
reteUvely  low  impedance.  3)  For  an  efficient  production  of 
pulses  with  a  very  short  pulse  flat-top  (~  200  ns)  a  lower 
impedance  is  pref(^le,  since  a  rather  high  impedance  (several 
kQ)  results  in  a  longer  rise  time  (more  than  SOO  ns)  due  to 
the  estimated  stray  capacitance  around  the  ou^ut  circuit  and 
klystron  socket  (~  ISO  pF). 

The  limits  to  pulse  amplitude  drift  and  pulse  height 
deviation  are  determined  from  the  requirement  of  acceptable 
phase  modulation  of  the  microwave  source  (~  S'*).  A 
relativistic  beam  voltage  of  600  kV  lessens  the  requirements 
on  the  pulse-top  flatness  and  amplitude  stability,  since  the 
velocity  of  electron  beams  in  the  X-band  klystron  is  not  so 
sensitive  to  changes  in  the  beam  voltage  within  this 
relativistic  voltage  range. 

B.  Blumlein'type  Modulator 

Although  the  Blumlein-type  modulator  may  seem  to  be 
very  simple  (see  Fig.  2),  careftd  attention  has  been  paid  to  the 
design,  espe^ly  to  the  location  of  the  magnetic  switch  and 
the  charging  reactor  as  well  as  to  the  triaxial  Blumlein. 

Figure  3  shows  the  simulated  ouqmt  waveforms  for  two 
different  locations  of  the  magnetic  switch  and  the  charging 
(bypass)  reactor.  Since  we  don't  want  any  undesirable  voltage 
during  the  charging  process,  the  location  of  the  magneUc 
switch  and  the  dliarging  reactor  is  very  important  in  order  to 
eliminate  iu 

Figure  4  shows  a  cut-away  view  of  the  triaxial  Blumlein. 
In  order  to  realize  a  compact,  high-impedance  Blumlein,  a 
^iral  structure  was  adopted  for  the  inner  conductors.  The 
number  of  windings  for  these  ^irsl  conductors  was  designed 
so  as  to  cancel  their  resultant  magnetic  flux  in  order  to  make 
sure  of  its  Blumlein  action.  The  final  design  parameters  of 
the  Blumlein  are  as  follows:  The  central  conductor  isa30- 
tum^iral  conductor  with  a  diameter  of 290  mm.  Themiddle 
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Figure  3.  Blumlein-type  modulators  with  two  different 
locations  of  the  magnetic  switch  and  their 
simulated  output  waveforms. 

conductor  is  also  a  spiral  conductor  with  22  turns  and  400 
mm  in  diameter.  The  outer-most  conductor  is  an  aluminum 
cylinder  with  an  inner  diameter  of  SSO  mm.  The  total  length 
of  this  Blumlein  is  1  m. 

ni.  PERFORMANCE  TEST 

A.  PrelimiiwyTest 

Before  proceeding  to  tests  at  a  full  voltage  of  600  kV,  a 
preliminary  test  was  performed  at  ~  200  kV  in  order  to 


Figure  4.  Cut-away  view  of  the  triaxial  Blumlein. 
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confirm  the  above-mentioned  design.  Figures  S  and  6  show 
the  input-  and  output-side  voltage  waveforms  of  the 
Blumlein,  respectively.  The  input  pulse  with  a  l.I  ps  pulse 
width  and  a  210  kV  peak  voltage  has  been  successfully 
compressed  down  to  260  ns  with  a  peak  voltage  of  178  kV. 
An  expanded  output  voltage  waveform  is  shown  in  Fig.  7. 
Altiiough  a  pulse  flat-top  length  of  ISS  ns  is  sufficient  for 
our  use,  a  pulse  rise  time  of  138  ns  is  rather  longer  than  we 
expected.  The  main  cause  of  this  relatively  long  rise  time  is 
the  stray  capacitance  of  the  magnetic  switch.  We  must, 
therefore,  reduce  this  stray  capacitance  in  order  to  realize  a 
very  short  rise  time. 


Figure  S.  Input  voltage  waveform  of  the  triaxial  Blumlein. 
(vert.  100  kV/div„  hor.  200  ns/div.) 


Figure  6.  Output  voltage  waveform  of  a  triaxial  Blumlein. 
(vert.  100  kV/div.,  hor.  200  ns/div.) 


Figure  7.  Expani  cd  output  voltage  waveform  of  the  triaxial 
Blumlein  (vert.  50  kV/div..  hor.  50  ns/div.) 


B.  Full  Voltage  Test 

Since  the  preliminary  tests  of  the  Blumlein-type 
modulator  have  been  very  hopeful,  we  are  now  proceeding  to 
carry  out  tests  at  full  voltage  (~  600  kV).  Figure  8  shows  the 
locations  of  individual  components  in  the  600-kV  compatible 
Blumlein-type  modulator.  Although  the  core  material  of  the 
magnetic  switch  and  the  charging  reactor  in  the  preliminary 
test  is  Co  amorphous,  we  are  planning  to  use  Fe  amorphous 
cores  because  of  a  high  AB  capability  which  enables  us  to 
reduce  the  size  of  the  magnetic  switch  as  well  as  the  charging 
inductor.  A  full-voltage  test  of  this  modulator  will  start 
soon. 


Figure  8.  Location  of  individual  components  in  the  600-kV 
compatible  511umlein>type  modulator. 

IV.  ACKNOWLEDGEMENT 

The  authors  wish  to  express  their  gratitude  for  the 
encouragement  and  financial  support  received  from  Director 
General,  Prof.  H.  Sugawara  as  well  as  Directors,  Profs.  Y. 
Kimura  and  S.  Iwata.  They  also  wish  to  express  their  thanks 
to  FEL  R&D  group  members  (especially  Profs.  S.  Hiramatsu 
and  J.  Kishiro)  and  X-band  klystron  R&D  group  members  for 
the  fruitful  discussions. 

V.  REFERENCES 

(Ij  K.  Takaia  and  Y.  Kimura,  'TRISTAN  and  High  Energy 
Accelerator  Plans  at  KEK",  Particle  Accelerators,  26,  pp.87., 
1990. 

12]  S.  Takeda,  “J.'tpan  Linear  Collider  (JLC)",  Particle 
Accelerators,  30,  pp.l43-,  1990. 

[3]  H.  Mizuno  et  al.,  "X-band  Klystron  Diode  Test  for  Japan 
Linear  Collider  (JLC)",  Particle  Accelerators,  30  pp.l67-, 
1990. 

{4]  S.  Takeda  et  al.,  “Electron  Linac  of  Test  Accelerator  Facility 
for  Linear  Collider”,  Particle  Accelerators,  30,  pp.lS3-, 
1990. 

15]  D.  L.  Birx  et  al.,  ‘Technology  of  Magnetically  Driven 
Accelerators”,  IEEE  Trans.  Nude.  Sci.,  32,  pp.2743,  1985. 
(6]  T.  Shidara  ct  al.,  “R&D  on  an  X-band  Klysuon  Modulator  for 
Japan  Linear  Collider”,  KEk  pteprim  90-74,  .August  1990. 


1036 


fflGH-POWER  INPUT  COUPLER  WITH  A  CYLINDRICAL  ALUMINA  WINDOW 


Mitsuo  Akemoto 

KEK,  National  Laboratory  for  High  Energy  Physics 
Oho  1-1,  Tsukuba,  Ibataki  305,  Japan 


Abstract 

A  bigh'power  rf-input  coupler  has  been  installed  in  the 
TRISTAN  altetnating  p^odic  i  tnictuie  (APS)  cavity  operating 
at  508  MHz.  It  has  a  cylindrical  alumina  window  coated  with 
TIN  of  60  A  thickness  and  feeds  the  power  of  225  kW  (CW)  to 
the  cavity.  In  an  early  stage  of  development,  the  multipactoring 
discharge  of  the  window  was  a  primary  problem.  After  the 
coating,  the  window  discharge  was  not  observed.  The  total 
ninnber  of  112  couplers  has  been  installed  in  the  TRISTAN 
ting  and  successfully  operated  for  about  17,000  hours  since 
spring  of  1985.  The  most  serious  trouble  with  the  t^seration 
was  a  fitilute  of  the  loop.  This  problem  was  discovered  after 
about  5,000  hours  of  operation.  We  have  performed 
improvements  of  the  coupler  including  the  loop. 

I.  INTRODUCTION 

In  the  TRISTAN  accumulation  ring  (AR)  and  main  ring 
(MR),  alternating  periodic  structure  (APS)  cavities  [1]  operating 
at  SOB  MHz  are  used  for  the  acceleration  of  the  eV  beams.  The 
RFpower  of  1  MW  generated  by  a  CW  klystron  is  fed  to  four 
APS  cavities  through  a  waveguide  system  with  a  10  %  power 
loss.  A  total  number  of  112  input  couplers  is  needed  during 
operation.  We  have  developed  a  high  power  input  coupler  with 
a  cylindrical  ceramic  window,  whose  typical  operation  power  is 
22S  kW  [2].  The  couplen  have  been  installed  and  operated 
since  qwing  of  1985.  In  this  paper,  the  structure,  high  power 
characteristics  and  long  term  performance  of  the  couplers  are 
described. 

n.  Structure 

A.  General  description 

The  APS  cavity  has  a  coupler  port  on  vertically  up  or  down 
side  of  one  of  the  accelerating  cells.  The  cou]tier  is  r^uired  to 
transform  the  wav^uide  to  the  coaxial  mode  and  to  feed  the 
power  to  the  cavity  through  the  magnetic  coupling  of  the 
acceterating  mode. 


Fig.  1  A  cross  section  of  the  input  coupler. 


A  cavity  coupling  factor  is  set  to  6s  1.3  to  compensate  for 
beam>loading  during  operation.  The  coupler  was  designed  to 
stand  the  maximum  c^rational  input  power  of  250  kW.  A 
simple  structure  was  chosen  to  be  suitable  for  mass-production. 
A  cross  section  of  the  input  coupler  is  shown  in  Fig.  1. 

It  consists  of  a  coaxial  line  with  a  loop  antenna,  a  cylindrical 
alumina  RF  window  and  a  rectangular  waveguide.  Dimensions 
of  the  coupler  were  adjusted  to  obtain  a  go(^  matching  by  the 
studies  using  a  cold  model. 

B.  Coaxial  line 

The  coaxial  line  is  of  50  D  and  terminated  by  the  loop.  It  is 
made  of  OPHC  cqpper  because  of  its  low  resistive  loss,  low 
out  gas  and  good  thermal  conductivity,  except  for  the  ICF-203 
rotatable  vacuum  flange  and  the  body  jacket  which  are  made  of 
stainless  steel.  The  parts  are  assembled  by  silver-brazing  in 
hydrogen  furnace. 

The  loq)  is  formed  by  a  short  bar  bridging  inner  and  outw 
conductors.  The  bar  is  connected  to  the  conductors  with 
c(^>per-plated  stainless-steel  bolts.  The  loop  is  separated  from 
transition  part  by  more  than  X/2  to  prevent  undesirable 
interference  between  them.  The  coupling  is  adjusted  by  rotating 
the  direction  of  the  loop  to  vary  the  effective  coujding  area  for 
the  magnetic  Field.  Both  inner  and  outer  conductors  are  cooled 
by  water  flowof  61/mia 

When  a  coupler  is  mounted  to  a  coupler  port  of  the  cavity, 
the  g^>  between  the  outer  surface  of  the  coupler  and  the  inn« 
surf^  of  the  port  forms  a  coaxial  line.  Its  length  is  set  to  about 
XJ2  from  the  cavity  surface  to  have  a  chtdee  property  at  508 
MHz  for  the  coaxial  TEM  mode.  The  accelerating  mode  still 
penetrates  into  this  coaxial  line  in  the  form  of  the  TEu  mode 
that  may  give  rise  to  undesirable  two  side  multipactoring.  Thus, 
the  coaxial  gap  is  carefully  chosen  to  be  1.0  mm  to  suppress 
themultipacto^. 

C.  XF  Window 

A  cylindrical  RF  window  made  of  95  %  alumina  ceramics 
(152  mm  in  diameter,  193  mm  long,  5  mm  thick)  is  used  for 
vacuum  seal.  It  is  located  at  the  position  where  the  waveguide 
mode  b  transformed  to  the  coaxial  one.  It  is  welded  to  the 
outer  condueuxs  of  the  coaxial  line  with  a  Tig  method.  The 
dielectric  or  resistive  heating  the  ceramic  window  is  directly 
cooled  by  for^  air.  The  vacuum  side  of  the  ceramics  is 
coated  with  TiN  of  60  A  thickness  to  prevent  the 
roult^actoring  discharge  that  gives  rise  to  the  excessive  local 
heating  of  the  ceramic  window.  The  effect  of  the  coating  is 
detail^  in  the  next  section.  The  coating  is  performed  by  dc 
reactive  sputtering  with  Ti  target  in  the  N2  and  Ar  mixture  gas 
of  10*2  xoir. 

D.  Waveguide 

The  WRISOO  waveguide  is  made  of  the  6063-TS  aluminum. 
It  is  equipped  with  two  nozzles  to  blow  RF  window  by  air 
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flow  of  ~  1.0  m^/min  from  the  blower.  The  air  is  drawn  out 
through  60  little  holes  in  the  shorting  plane. 

m.  HIGH  POWER  CHARACTERISTICS 

Prior  to  the  final  mounting  on  the  APS  cavity  of  the 
TRISTAN  ring,  the  couplers  were  conditioned  up  to  300  kW 
measuring  their  high  power  characteristics.  The  surface 
temperature  distribution  of  the  RF  window  was  monitored  from 
the  RF  input  side  by  an  infrared  thermometer  6T61(NPC  SAN- 
EI ).  From  a  view  port  of  the  cavity  just  below  the  coupler,  the 
vacuum  side  of  the  coiqiler  was  watched  by  a  color  TV  camera 
to  observe  a  glow  discharge  phenomenon  if  it  happened.  The 
cavity  was  evacuated  by  a  turbo  molecular  pump  of  300 1/sec. 
The  cavity  vacuum  was  monitored  by  a  cold  cathod  gauge  and 
its  value  was  used  to  contreri  the  conditioning  process.  The  RF 
power  was  slowly  increased  by  keeping  the  pressure  below 
5x10^  Torr. 

Figure  2  shows  a  typical  example  of  the  surface  temperature 
distribution  of  the  ceramic  window  at  input  power  of  ISOkW. 


Fig.  2  Temperature  distribution  of  the  ceramic  surface. 


In  this  example,  the  cottier  is  mounted  to  the  up  side  of  the 
cavity;  the  loop  is  on  the  down  side,  while  the  shorting  plane  of 
the  coaxial  line  is  on  the  up  side.  One  of  the  most  characteristic 
features  of  the  temperature  distribution  is  that  a  hot  spot  appears 
around  the  center  and  up  side  of  the  ceramic  cylinder,  where 
the  electric  fields  of  both  the  waveguide  mode  and  coaxial  mode 
become  the  maximum.  The  temperature  rise  AT  at  the  hottest 
spot  of  the  ceramics  was  measured  as  a  function  of  the  input 
power.  Three  examples  are  shown  in  Fig.  3. 


Fig.  3  Temperature  rise  of  the  ceramics  versus  input  power. 


Perfmmance  of  the  ceramic  window  could  be  characterized 
by  the  value  of  a  parameter  n  defined  by  AT  ~  P**,  where  P  is 
input  power.  If  the  value  of  n  is  between  1  and  1.4  (shown  as 
the  example  A  in  Fig.  3 ),  the  performance  is  normal  revealing 
no  glow  discharge  in  the  TV  monitor  mentioned  above. 

In  an  early  stage  of  development,  the  multipactoring 
discharge  of  the  window  was  a  primary  problem,  llie  hottest 
spot  of  the  ceramics  showed  nonlinear  temperature  rise  of 
n=3.7  ( shown  as  the  example  C  in  Fig.  3 )  with  the  purple 
glow  discharge.  If  the  input  power  was  further  increased,  the 
ceramics  cracked  by  local  thermal  stress  in  some  cases.  This 
nonlinear  temperature  rise  in  the  local  spot  was  due  to  a  one¬ 
sided  multipactoring  on  the  ceramic  surface,  which  was  also 
observed  in  the  output  window  of  the  high  power  klystron  [3]. 
To  suppress  the  secondary  electron  emission,  the  inner  surface 
of  the  ceramics  was  coated  with  a  60  A  TIN  layer.  After  the 
coating,  the  temperature  rise  was  remarkably  reduced  and  the 
window  glow  wiis  not  observed. 

IV.  PERFORMANCES 

One  hundred  and  four  couplers  were  used  with  mean  input 
power  of  about  200  kW  in  the  MR  [4].  Fifty  seven  percent  of 
them  were  continuously  operated  without  any  troubles.  Until 
January  of  1991,  the  oper^on  time  of  couplers  amounted  to 
about  14,000  to  17,000  hours.  Table  1  shows  the  summary  of 
the  failed  couplers  during  the  last  four  years. 


Table  1 

Summary  of  the  failed  ct^plers 


Failuitmode 

Number  of  coupicn 

Fenxnlace 

LiOODfiiluie 

14 

54% 

Orowduchne 

9 

35% 

Window  failure 

2 

8% 

Ohen 

1 

3% 

Total 

26 

100% 

The  failures  are  mainly  classified  into  three  categories  as 
follows. 


A.  LoopfailurelSj 

The  loop  is  fixed  by  three  plate-type  SUS  bolts  copper- 
plated  by  10  pm  thick.  The  he^  of  the  bolts  were  melted  in 
14  couplers.  The  loop  was  also  bent  in  some  couplers.  This 
trouble  is  not  initial  failure  but  begins  to  occur  at  more  than 
S,000  hour  operation  and  increases  thereafter.  The  loop  is  not 
directly  cool^  and  has  the  resistive  loss  of  about  30  W  at  input 
power  of  200  kW.  It  is  also  noted  that  the  couplers  are  operated 
under  hard  heat  cycle  during  the  beam  energy  ramping.  Thus, 
the  loop  should  be  welded  or  brazed  to  the  inner  and  outer 
conductors  to  solve  this  problem. 

B.  Glow  discharge 

Blue  or  p'irple  glow  was  observed  in  the  coaxial  line  and 
window.  The  example  B  of  Fig.  3  shows  a  typical  example  of 
the  ceramic  temperauire  rise  with  glow  disetuuge.  There  was  a 
critical  level  at  around  60  kW  and  a  nonlinear  window  heating 
and  blue  or  purple  discharge  were  observed  above  this  level. 
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This  indicates  that  the  coating  effect  against  multipactoring  was 
diminished. 

C.  Window  faUure[6] 

Figure  4  shows  an  example  of  the  window  which  is  cracked 
because  of  local  thermal  stress.  It  is  seen  from  the  RF  input 
side.  The  center  of  the  cracking  occurs  around  location  of  the 
maximum  E-fleld.  This  window  cracking  seems  to  be  caused 
by  the  multipactoring  discharge . 


B.  TiN  coating  in  the  coaxial  line 

There  are  higher  order  multipactoring  modes  in  the  coaxial 
line.  In  order  to  prevent  these  multipactoring  discharges  which 
wodc  as  a  trigger  of  the  grow  discharge,  the  vacuum  sides  of 
both  the  inner  and  outer  conductors  were  coated  with  TiN  of 
200  A  and  60  A  thickness  respectively. 

C.  Interlock  for  the  window  heating 


LOOP  SIDE 


!?»  , 
P/ 


SHORT  SIDE 


Fig.  4.  An  example  of  the  window  cracked  because  of  local 
thermal  stress. 

V.  Improvements 

In  order  to  obtain  the  high  reliability,  we  have  performed  the 
improvements  of  the  coupler.  Also  the  interlock  for  the  winttow 
heating  is  scheduled , 

A.  Loop  brazing 

In  order  to  solve  the  kx^  problem,  the  loop  was  brazed  to 
the  inner  and  outer  conductors  in  hydrogen  or  vacuum  furnace. 
The  new  structure  connecting  between  the  inner  and  outer 
conductors  by  a  Tig  method  at  the  short  side  of  the  coaxial  line 
was  adapted  to  protect  the  TiN  coating  of  the  ceramic  window 
from  the  high  temperature  of  the  furnace.  Figure  S  shows  the 
structure  of  the  improved  coaxial  line  at  the  short  side.  This 
new  type  coiqtler  has  been  installed  in  the  MR  and  operated  for 
about  3,000  hours  without  any  serious  problem.  All  the  old 
couplers  will  be  replaced  by  this  new  type  ones. 


Fig.  5.  Structure  of  the  short  side  coaxial  line  improved. 


As  the  window  heating  is  rapidly  advanced  if  the 
multipactoring  discharge  occurs,  it  is  need  to  switch  off  the  RF 
input  power  t^ore  cracking  the  window.  The  interlock  system 
checUng  directly  the  temperature  of  the  window  surface  is 
effective.  An  spot-type  infrared  thermometer  considering  its 
low  cost  will  be  used. 

VI.  CONCLUSIONS 

The  total  of  1 12  cottiers  has  been  installed  in  the  MR  and 
AR  and  successfully  operated  for  about  17,000  hours  without 
any  serious  trouble  except  the  loop  problem.  This  problem  has 
been  solved  by  brazing  the  loop. 
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KEK,  National  Laboratory  for  High  Energy  Physics 
Oho  1-1,  Tsukuba,  Ibaraki  305,  Jtpin 


Abstract 

An  X'band  Klystron  Modulator  has  been  designed  and 
constructed  to  drive  two  kinds  of  prototype  X-band  pulsed 
klystrons:  (1)  30  MW  klystron  ( XB-SOK)  i^uiring  a  450  kV 
beam  voltage  with  a  0.5  |ts  flat  top  and  (2)  120  MW  klystron  ( 
XB*72K)  requiring  a  550  kV  beam  voltage  with  a  0.5  ps  flat 
tt^.  Hie  modulator  generates  2.0  ps  pulses  with  37  kV  voltage 
and  7300  A  peak  current  for  the  openuion  of  the  XB-72K.  It  is 
a  conventional  line-type  modulate  with  a  6  section  pulse 
forming  network  (PPfo  which  is  resonantly  charged  and 
dischaiged  by  a  thyratron  switch  at  up  to  200  pps.  In  order  to 
reduce  the  size  of  the  modulator,  a  special  low  inductance 
c^Mcitors  using  a  film  coated  thin  Al-electrodes  of  300  A 
thickness  has  been  developed  for  the  PPN.  Its  ouqiut  pulse 
voltage  is  stq^ped  up  to  IS  times  by  a  pulse  transformer.  The 
design,  speciflcations  and  results  of  p^ormance  tests  of  the 
modulator  are  described  in  this  paper. 

I.  INTRODUCTION 

A  TeV  electron-positron  linear  collider  JLC  (Japan  Linear 
Collider)  has  several  technical  problems  to  be  solved.  A  high- 
power  rf  source  is  one  of  the  most  important  issues.  In  order  to 
realize  100  MVAn  accelerating  gradient,  the  developments  of  X- 
band  100  MW-class  klystron  and  its  modulator  are  required.  At 
the  same  time,  more  than  4,000  klystrons  are  necessary  for 
JLC.  Therefore,  it  is  crucial  to  develop  klystron  modulators 
considering  in  the  following  items:  (1)  small  size,  (2)  low  cost, 
(3)  high  reliability,  (4)  mass  production  and  (5)  high  efliciency. 

As  a  first  step  of  the  development  of  100  MW  class  klystron 
at  X-band,  a  30  MW  klystron  named  XB-50K  was  designed 
and  fabricated  [1].  11  MW  RP  power  of  70  ns  pulse  width  was 
achieved  at  the  repetition  rates  of  2  i^s  but  an  RF  window 
ceramic  was  fatally  damaged.  RF  power  test  using  new  RF 
window  will  be  carried  out  in  May  1991.  Also  a  120  MW 
klystron  named  XB-72K  has  been  designed  and  will  be 
faMcatedinJuly  1991.  In  order  to  operate  above  two  kinds  of 
prototype  klystrons,  we  have  design^  and  constructed  a  line- 
type  modulator  using  a  pulse  forming  networic  (PFN)  and  a 
pt^  transformer  in  the  Accelerator  Test  Facility  (ATP)  [2]  for 
the  JLC.  The  develc^ment  of  an  X-band  modulator  using 
magnetic-pulse-comimssion  techniques  was  simultaneously 
started  to  produce  pulses  that  were  200  ns  wide,  600  kV,  1200 
A  peak  current  and  a  short  rise  time  of  ~90  ns  [3]. 

n.  DESIGN  AND  MODULATOR  SPECIHCATIONS 

Table  1  shows  the  speciflcations  of  the  prototype  X-band 
klystrons.  The  modulators  for  these  klysuons  are  required  to 
generate  a  high-voltage  of  550  kV  and  a  short  RF  pulse  width 
of  400  ns.  so  that  its  rise  time  has  to  be  as  short  as  possible 
considering  the  power  efficiency. 
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Table  1 

Speciflcations  of  X-band  klystron 


Klystron 

XB-SOK 

XB-72K 

Peak  power  output 

30  MW 

120  MW 

RF  pulse  width 

400  ns 

400  ns 

Operating  fietjuency 

11.424  GHz 

11.424  GHz 

Peak  beam  v^tage 

450  kV 

550  kV 

Peak  beam  current 

172  A 

490  A 

Peak  beam  power 

77  MW 

270  MW 

Klystron  impedsiwe 

2616  0 

112212 

Power  gain 

59  dB 

53-56  dB 

EfBcioncy 

41% 

45% 

Micmnesveance 

0.57 

1.2 

The  line-type  modulator  was  chosen  because  of  its  high 
efficiency,  relatively  low  cost  and  high  reliability  that  had  been 
proved  at  SLAC  so  far.  The  level  of  the  main  high-voltage  in 
the  modulator  was  mainly  limited  by  the  ratings  of  the  available 
switch  tubes.  The  thyratron  ITT  F-169  (rating:  100  kV)  was 
chosen.  In  order  to  obtain  a  shorter  rise  time,  it  was  necessary 
to  keep  the  turns  ratio  of  the  pulse  transformer  as  low  as 
possible.  In  the  present  case,  a  pulse  transformer  with  a  turns 
ratio  of  1 : 15  was  used  to  step  up  to  the  voltage  necessary  for 
the  klystron.  As  a  consequence,  the  modulator  is  required  to 
generate  pulses  with  37  kV  in  peidc.  This  peak  voltage  demands 
about  72  kV  maximum  on  the  PFN  which  gives  a  sufficient 
margin  to  100  kV  thyratron.  Fbr  a  small  size  of  the  modulate, 
a  thyristor  unit  for  regulating  ac  line  voltage,  a  water  cooling  for 
the  charging  unit  and  an  inverse-clipping  shunt  circuit,  and  a 
PFN  capacitors  using  a  film  coated  thin  Al-electrodes  were 
employed.  The  cabinets  of  the  dc  power  supply  and  klystron 
modulator  was  sqiarately  used,  considering  that  other  large  dc 
power  supply  with  common-bus  will  be  used  to  many 
modulators  in  future  [4].  Speciflcations  of  the  modulator  are 
listed  in  Table  2.  The  details  arc  described  in  the  following 
sections. 
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Specifications  (rf  the  modulator 


Opentionmode 

XB-50K 

XB-72K 

Peak  power  output 

77  MW 

269  MW 

Average  power  output 

39  kW 

97  kW 

Output  pulse  voltage 

30  kV 

37  kV 

Ouq>ut  pulse  cunent 

2581  A 

7342  A 

Output  impedance 

11.6  0 

5.0  0 

Pulse  flattop 

0.5  ps 

0.5  (u 

Rise  time 

<0.5  |ts 

<  0.5  )ts 

Pulse  height  deviation  from 
flatness 

LOy-Cp-p) 

1.0%(p-p) 

Pulse  repetition  rate 

200pp;k 

200  pps 

Transformer  ratio 

1:15 

1:15 

in.  High  voltage  dc  pov.'er  supply 
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A  simplified  diagram  of  the  dc  power  supply  is  shova  in 
Fig.  1. 


Fig.  1.  A  simplified  diagram  of  the  dc  power  siqjply 

The  line  input  is  420  V  ac,  three-phase  and  50  Hz.  A  thyrisuv 
unit  is  used  to  regulate  the  ac  iine  voltage  in  a  range  of  0  ~  98 
%.  This  unit  is  also  used  to  disconnect  the  line  within  a  few  ms, 
when  the  interlock  of  over-current  or  over-voltage  of  the  dc 
power  supply  and  klyMion  modulator  is  worked.  The  output 
voltage  of  the  thyristor  unit  is  controlled  with  an  accuracy  of  ± 
0.5%  by  a  feed^k  loop  to  the  ou^wt  voltage  of  dc  power 
supply.  The  siqpped-up  ac  is  rectified  to  dc  in  3i)hase  full  wave 
scheme.  The  LC  filter  decreases  the  voltage  ripple  and 
determines  the  voltage  drop  due  to  the  pulse  load.  A  capacitance 
of  6  pF  makes  this  drop  2.0  %  for  the  operation  of  XB-72K 
klystron.  The  ^ificatkws  of  the  dc  power  supply  are  listed  in 
Table  3.  The  rectifier  transformer,  rectifier  and  choke  are 
housed  in  the  same  oil  tank. 


Table3 

Specifications  of  the  dc  power  supply 
dc  output  voltage  48kV 

dc  average  output  current  3.1  A 

Ripple  t»«\imoad  <1.0% 

IV.  KLYSTRON  MODULATOR 


The  klystron  modulator  is  composed  of  a  charging  unit  with 
a  de-Qing  circuit  and  a  discharging  unit  with  the  nT4,  a  trigger 
circuit,  a  thyratrun  and  an  inverse-clipping  shunt  circuit  as 
shown  in  Fi^  2. 


Fig.  2.  A  simplified  diagram  of  the  modulator 


The  PFN  ciq[)acitors  are  resouantly  charged  throu^  a  charging 
transformer.  The  inductance  of  the  charging  transformer  was 
determined  by  the  resonant  charging  frequency  and  total 
capacitance  of  the  PFN.  The  repetition  rate  is  200  pps  and 
charging  time  is  chosen  to  be  2.5  ms  (half  of  the  maximum 
repetition  time).  The  de-Qing  circuit  in  the  secondary  of  the 
charging  transformer  regulates  the  voltage  iq>pUed  to  the  PFN. 


A  step  down  ratio  of  40:1  was  chosen  to  employ  a  silicon- 
controlled  rectifier  (SCR)  switch.  A  simple  series  connection  of 
the  resistor  and  the  SOI  switch  was  adc^ted.  The  regulation  of 
the  de-Qing  circuit  is  chosen  to  be  5  %. 

Rw  the  qreration  of  two  kinds  of  klystron,  two  kinds  of  the 
PFN  unit  consisting  of  6  sections  with  fixed  capacitors  and 
tunable  inductors  ar  used  in  (»der  to  exchange  the  PFN  unit 
easily.  The  specifications  of  the  IT^N  unit  are  listed  in  Table  4. 


TBble4 

Specifications  of  the  PFN  unit 


PFN  unit 

XB-SOKunit 

XB-72Konit 

Output  impedMwe 

11.6  0 

S.OO 

Openting  voltaie 

70  kV 

90  kV 

Pulie  width 

IS)U 

1.8  |U 

Number  of  Mctiom 

6 

6 

Rcikhiii  k^dttclmot 

ISOnH 

ISOnH 

Tou1ci|mcUov 

9tnP 

164  nP 

Total  indueunoe 

4.91  uH 

16.2  uH 

Since  the  inductance  of  the  n’N  coil,  especially  for  XB- 
72K,  is  small,  it  is  necessary  to  minimize  the  residual 
inductance  of  the  capacitor.  The  residual  inductance  of  each 
section  has  to  be  less  than  150  nH.  For  this  purpose,  a  special 
ciqMcitor  was  developed.  The  details  will  be  drecribed  in  the 
following  section.  Tunable  inductors  are  mounted  on  the 
capacitor’s  high  voltage  bushing  stub.  Fine  adjustment  is  made 
by  varying  the  insertion  depth  of  an  aluminum  cylinder  in  the 
coiL 


V.  PFN  CAPACITOR 

A  PFN  capacitor  is  one  of  the  most  important  parts  in  the 
line-type  modulator.  Especially,  a  small  size  of  the  capacitor 
should  be  developed  as  the  eliding  voltage  of  the  PFN  and 
repetition  rale  become  higher.  The  elements  of  the  high-voltage 
alitor  usually  consist  of  sheets  of  a  condenser  paper  and 
film  as  a  dielectric  material,  and  aluminium  foil  as  an  electrode. 
In  order  to  obtain  a  higher  energy  density  and  low  inductance  of 
the  c^iMcitor,  we  adoj^  the  new  type  element  as  shown  in  Fig. 
5  (5].  It  is  composed  of  two  polyj^ylene  films  coated  with 
thto  Al-electrodes  ( 300  A )  which  forot  a  series  microscqric 

capacitor.  Therefore,  it  makes  possible  to  achieve  a  higher 
energy  density  and  to  fabricate  the  capacitor  of  self  healing 
A  unit  capacitor  for  XB-50K  and  XB-72K  consists  of  23 
and  17  elements  in  series,  respectively.  At  each  section  of  the 
PFN,  two  parallel  oil-immersed  capacitors  in  a  same  metal  box 
are  used  to  reduce  their  residual  inductances.  As  the  results,  the 
residual  inductance  of  each  section  was  less  than  about  135  nH 
and  the  volume  of  the  capacitor  became  about  60  %  of  the  usual 
capacitor. 


rJOOA  AC-clectiode 


' - Poljpiopjlm  Fum  (dieleciiiel 

Fig.  3.  Structure  of  the  PFN  ce^acitor 


VI.  CONTROL  AND  MONITOR 
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The  control  system  of  Use  modulator  is  schemaUcally  shown 
in  Rg.  4.  Hiis  s^tem  makes  it  possible  to  control  the  dc  power 
supply  and  the  klystron  modulator  in  local  operation  and/or 
remote  operation  mode. 


Control  console 


Monitor  Ponel 
/Inierloeliss 
\  Slolus  / 


L 


Monitor  Panel 
(Meters) 


Control  Panel 
kSwilcties,  Bultonsll 


LOCAL 

BEMOIE? 


CAMAC  or  VHE 


0(>licol-llber 
Cobli 


VAX 


PSC 


•4-lnlerloek 
'  :  Signets 

|•>7■SflllJS 

^  Signals 

7  Control 
I  Signets 

fKlnslion  moeulolorj 
![dc  power  supply  J 


Monitor 

Circuits 


;—*|0o*Qlng 
Controller 


-1  Analog 
^Signals 

J  [Klystron  modulolorj 
[dc  power  supply  J 

[Klystron  modulolor] 


Tliyriilor 

Controller 


[dc  power  supply  ] 

Fig.  4.  Block  diagram  of  tiie  modulator  contrtU  system. 


In  case  of  the  local  mode,  the  modulator  can  be  manually 
controlled  with  the  control  console.  It  is  located  near  the 
modulator  and  hu  the  control  panel  which  cor^.v'jis  all  the 
necessary  controls,  metm,  and  interlock  displays  to  operate  Ute 
modulator.  The  controls  of  the  thyristor  unit  and  de<2ing,  and 
moniioa  of  analog  signals  roust  be  made  with  fast  sp^.  They 
are  therefore  direcUy  carried  out  by  the  hardware.  A 
programmable  sequence  controller  (PSQ  is  mainly  used  to 
control  the  on/off  switches  of  device  and  Uie  display  of  tiie 
interlodt  status  and  on/off  status  and  so  on.  since  it  acB  with  a 
high  reliability  but  its  working  speed  is  slow.  The  remote 
control  and  data  coUectioo  ate  pkformed  by  Uie  PSC  and 
hardware.  They  ate  connected  to  Uie  ATF  control  system  [6] 
consisting  of  CAMAC  and  a  mictoVAX  which  are  connected  to 
the  KEK  network.  The  control  system  using  VMEwUlbealso 
tested  for  die  design  of  the  Aiture  control  system. 


XB-7SK  were  monitored  by  a  current  transformer  and  a 
capacitive  divider.  Figure  5  shows  Uie  current  of  Uie  ouqiut 
pulse  for  XB'SOK  provided  on  conditions  Uiat  ouqiut  voltage  of 
the  dc  power  supply  is  33.8  kV,  the  charging  voltage  of  Uie 
PFN  is  64  kV,  the  output  pulse  voltage  is  30.3  kV,  the 
repetition  rate  is  S  pps  and  the  dummy  load  is  12.2  n.  The 
output  pulse  was  a  rise  time(0-90%)  of  S30  ns,  1.43  ps  flat  top 
with  ±  0.S  %  and  3.0  ps  width.  Figure  6  shows  Uie  current  of 
Uie  ouqiut  pulse  fiw  XB>72K  provided  on  conditions  Uiat  PFN 
is  S  sections,  the  ouqiut  pulse  voltage  is  38  kV,  Uie  rqietition 
rate  is  S  pps  and  the  dummy  load  is  5.2  n.  The  output  pulse 
was  a  rise  time(0-90%)  of  380  ns,  0.6  ps  flat  top  wiUi  ±  0.S  % 
and  1.9  ps  width. 


(H:lkA/div.,  V:200ns/div) 

vni.  Summary 

In  order  to  operate  a  30  MW  or  120  MW  prototype  X-band 
klystron,  we  have  designed  and  constructed  a  line*type 
modulator  using  a  PFN  and  a  pulse  transformer.  In  die  test 
operation  of  the  modulator  using  a  dummy  load,  3.0  ps  wide 
pulses  with  30  kV  voltage  and  2480  A  current  for  XB«S0K 
mode,  1.9  ps  wide  pulses  wiUi  38  kV  voltage  and  7300  A 
current  for  XB-7SK  mode  were  successfuUy  generated. 

K.  Acknowledgements 


vn.  PERFORMANCE  TCSTS 


Prior  to  Uie  practical  use  of  Uie  modulator  for  klystrons,  it 
was  tested  by  feeding  the  ouqmt  power  to  a  dummy  load  in 


Fig.  5.  Ouqwt  pulse  current  Qieak  ~  2480  A)  at  dummy  load 
(H:lkA/div.,V:S00ns/div) 

which  a  ceramic  resistor  is  used.  After  adjusting  the  PFN 
inductances,  waveforms  of  Uie  ouqiut  pulse  for  XB-SOK  and 
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Perfomiance  Test  of  a  65-MW  Klystron  Unit  Relevant  to 
the  Microwave  Source  Upgrade  of  the  KEK  2.5-GeV  Linac 


Tetsuo  Shidara,  Hiroyuki  Honma,  Katsumi  Nakao,  Shozo  Anami  and  Akira  Asami 
KEK,  National  Laboratory  for  High  Energy  Physics 
1-1  Oho,  Tsukuba-shi,  Ibaraki-ken,  305  Japan 


Abstract 

There  is  a  plan  to  upgrade  the  KEK  2.S-GeV  linac 
regarding  its  microwave  source,  which  is  relevant  to  both  the 
asymmetric  B-factory  two-ring  collider  project  and  3-GeV 
operation  of  the  Photon  Factory  (PF)  storage  ring.  The 
required  increase  in  the  injection  linac  energy  horn  the  present 
2,5  to  4.2S  GeV  (3  GeV  for  PF)  necessitates  the  replacement 
of  the  existing  30-MW  klystrons  with  new  6S-MW  units. 
Since  a  total  modification  of  the  klystron  modulator  would 
cost  too  much,  the  output  voltage  and  average  power  of  the 
modulator  have  remained  unchanged.  Consequently,  an 
increase  in  the  klystron  beam  voltage  could  only  be  obtained 
by  increasing  the  pulse  transformer  step-up  ratio  from  the 
present  1:12  to  1:15.  A  now  test  station  using  a  65-MW 
klystron  was  established  in  order  to  confirm  a  stable  operation 
of  the  modified  unit.  An  ouqiut  power  of  58  MW  with  a  Ips 
duration  was  successfully  geneiat^  in  a  preliminary  test 

I.  INTRODUCTION 

As  phase-in  of  the  TRISTAN  project,  an  asymmetric  B- 
factoiy  two-ring  collider  is  being  considered  (Ij.  The  required 
beam  energy  and  design  luminosity  are  8x3.5  GeV^  and 
IxKP**  /cm^/sec  from  physics  experiments.  The  two  existing 
injectors  fw  the  TRISTAN  main  ring,  the  KEK  2.5-GeV  linac 
[2]  and  the  accumulation  ring  (AR),  are  also  to  be  used  for  the 
injectors  of  the  new  B-factory  rings.  Since  the  required 
injection  energy  of  positron  and  electron  beams  for  the  B- 
factory  are  3.5  and  2.5  GeV,  respectively,  the  energy  of  the 
linac  should  be  increased  from  the  present  2.5  to  3.5  GeV. 

An  energy  upgrade  of  the  linac  is  also  required  from  the 
PF  storage  ring.  The  increase  of  the  ring  operation  energy 
from  the  present  2.5  to  3.0  GeV  would  provide  hard  X-ray 
users  with  a  great  number  of  advantages:  a  photon  flux  in  the 
20  ~  40  keV  region,  which  is  difficult  to  produce  by  the  usual 
type  X-ray  source,  except  for  a  synchrotron  radiation  source, 
becomes  brighter  by  more  than  10  times. 

In  order  to  meet  the  demands  (see  Table  1)  from  both  the 
B-factory  project  and  PF  3-GeV  operation,  a  study  group  of 
the  linac  upgrade  was  organized  in  June  of  1989  and  has  put 
forward  several  linac  upgrade  designs  [3].  Since  the  injection 
energy  and  charge  accumulation  rate  for  the  PF  3-GeV 
qieration  are  not  severe,  compared  with  those  for  the  B-factory 
project,  we  mainly  considered  the  requirements  regarding  the 
B-factory  project 

The  following  plans  were  tentatively  adopted:  1}  In  order 
to  increase  the  positron  intensity  (1)  positron  beams  with 
pulse  widths  longer  than  50  ns  are  accelerated;  (2)  the  location 


Table  1 


Present  status  of  the  linac  and  requirements  from  the  B-factory 
project  and  PF  3-GeV  operation. 


percent 

B-factorv 

PF3-GeV 

for  AR 

forPF 

forAR 

forPF 

e*  2ns 

e+  2ns 

e+  40ns 

n 

la 

e+ 

MMm 

BBI 

msam 

EO 

3.0 

Chvge 

accumulation  rate 

22.5 

1.5 

12 

30 

25 

25 

(x  10'*  C/min) 

(75) 

(75) 

Pulse  width  (ns) 

1 

1 

40 

EM 

KM 

50 

ISO 

10 

2 

2 

(5) 

1.6 

(5) 

1.6 

Pulse 

repetition  rate 
(EE*) _ 

25 

25 

25 

50 

50 

50 

[yUMHI 

m 

m 

~1 

~1 

-1 

-1 

of  the  positron  production  target  is  to  be  moved  from  the 
present  250-MeV  down  to  the  7S0-McV  point  of  the  linac, 
since  the  positron  production  efficiency  is  proportional  to  the 
injection  energy  of  the  primary  electron  beams,  and  (3)  the 
positron  capture  efficiency  is  improved  by  enlarging  the 
acceptance  of  the  positron  focusing  system.  II)  In  order  to 
increase  the  energy  of  the  linac  to  4.25  GeV  (750-MeV 
primary  electron  teams  +  3.5-GeV  positron  beams)  an 
upgrade  of  the  microwave  source  is  planned  by  replacing  the 
present  30-MW  klystrons  with  65-MW  high  power  klystrons. 
The  resultant  accelerating  gradient  is  14.4  MV/im  (see  Fig.  I), 
which  is  sufficient  for  a  linac  with  a  total  accelerating 
structure  length  of  300  m. 

This  paper  describes  the  upgrading  of  the  microwave 
source  as  well  as  performance  tests  of  a  test  station  which  was 
established  in  order  to  confirm  the  feasibility  of  this  upgrade. 


ACCELERATOR  GUIDES 
INPUT  POWER  5MW  —  15UW  \ 

ACCELERATING  GRADIENT :  8  }3MV/m  — 14  4  MV/ni/ 

Figure  1.  Upgrade  scheme  of  the  power  feed  system  to  an 
acceleration  unit. 
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n.  MICROWAVE  SOURCE  UPGRADE 


A.  Klystron 


Although,  klystron  E-3712  of  Toshiba  Corp.  has 
successfully  produced  a  power  output  of  100  MW  [4],  we  are 
planning  to  introduce  65-MW  klystrons  (e.g.  SLAC  5045- 
type  klystron  [5])  because  of  the  large  reservoir  of  practical 
experience  from  the  SLC  operation.  Table  2  shows  the 
specifications  of  the  original  and  upgraded  klystrons. 


Table  2 


Original 

Upgraded 

Model  designation 

Mitsubishi  PV-3030 

unspecified 

PF  peak  output  power  (MW) 

30 

65 

Beam  voltage  (kV) 

270 

350 

RF  pulse  width  (Its) 

3.5 

2.2 

Repetition  rates  (pps) 

50 

50 

RF  gain  (dB) 

SI 

50 

Micro-perveance 

2 

2 

Efficiency  (%) 

40 

45 

B.  Klystron  Modulator 

A  doubling  of  the  klystron  output  power  requires  a 
modification  of  the  klystron  modulator  system.  In  order  to 
reduce  costs  of  the  modulator  modification,  the  output  voltage 
and  average  power  of  the  upgraded  modulator  have  remained 
unchanged.  An  80-kV  increase  in  the  klystron  beam  voltage 
is  compensated  by  increasing  the  pulse  transformer  step-up 
ratio  from  the  present  1:12  to  1:11  Accordingly,  our  new 
modulator  is  requited  to  generate  pulses  with  a  23.5-kV  peak 
voltage.  6150-A  peak  current  and  145-MW  peak  power.  Since 
the  output  impedance  of  the  pulse-forming  network  (PFN)  has 
been  r^uced  from  the  original  6.0  to  3.6  fl,  the  pulse  width 
has  also  been  reduced  from  3.5  to  2.2  (is.  A  significant 
increase  in  the  PFN  discharge  current  is  compensated  for  by 
using  two  PFN  capacitors  in  parallel.  Figure  2  shows  a 
simplified  diagram  of  the  upgraded  modulator.  Specifications 
of  both  the  original  [6]  and  upgraded  modulators  are  also 
shown  in  Table  3. 


Table  3 


Original 

Upgraded 

Maximum  peak  power  (MW) 

84 

145 

Maximum  average  power  (kW) 

14.7 

14.7 

Transformer  step-up  ratio 

1:12 

1:15 

Output  pulse  voltage  (kV) 

23.5 

23.5 

Output  pulse  cunent  (A) 

3600 

6150 

PFN  impedance  (Q) 

6.0 

3.6 

PFN  total  capacitance  (pF) 

0.3 

0.3 

Pulse  width  (fis) 

3.5 

2.2 

Rise  time  (ps) 

0.7 

0.8 

Fall  time  (ps) 

1.2 

1.5 

Pulse  repetition  rate  (pps) 

50 

50 

Maximum  pulse  height  deviation 

0.3  (peak  to  peak) 

0.5 

from  flamess  (%) 

Maximum  pulse  amplitude 

0.3 

0.5 

drift  (%/hour) 

Thyratron  anode  voltage  (kV) 

47 

47 

III.  PERFORMANCE  TESTS  AT  TEST 
STATION 

A.  Test  Station 

In  order  to  confirm  the  above-mentioned  modifications,  a 
test  station  using  a  5045-type  klystron  was  established.  This 
klystron  has  been  delivered  from  SLAC  under  the  US-Japan 
collaboration  program.  Figure  3  shows  the  new  test  station 
of  a  5045  klystron  and  tank  assemblies.  The  PFN  unit  of  a 
30-MW  klystron  test  station  has  changed  to  a  new  design 
which  meets  the  demands  from  the  5045-type  klystron.  Since 
we  only  have  one  klystron  test  station  and  we  must  prepare  at 
least  one  30-MW  klystron  unit  per  month  for  our  linac 
operation,  the  5045-type  klystron  was  set  15  m  apart  from  the 
modulator  in  order  not  to  interfere  too  much  with  tests  of  the 
usual  30-MW  klysuon  unit  The  5045-type  klystron  unit  was 
connected  with  the  modified  klystron  modulator  using  12 
coaxial  cables  (each  cable  is  50  Q  and  20  mm  in  diameter)  in 
parallel  in  order  to  ensure  impedance  matching. 


CHMGWG 


Figure  2.  Simplified  diagram  of  the  upgraded  modulator. 


B.  Ptffomance  Tests 

High-power  tests  of  this  test  station  were  perfwned. 
Figure  4  shows  the  beam  current  and  power  output  versus  the 
beam  voltage  of  the  S04S  klystron  unit.  An  output  power  of 
S8  MW  with  a  1  its  duration  was  successfully  generated  at  a 
34S-kV  peak  vcdtage  and  380-A  peak  current.  Figure  S  shows 
the  output  pulse  voltage  (peak  34S  kV)  and  power  output 
(peak  S8  MW)  waveforms.  The  rather  long  pulse  rise  time 
may  be  caused  by  the  use  of  IS  m  long  coaxial  cables.  We 
are  now  planning  to  install  at  least  one  6S-MW  klystron  unit 
in  our  2.S-GeV  linac  klystron  gallery  in  order  to  confirm  the 
long-term  stability  of  this  unit  as  well  as  the  modified 
klystron  modulator. 
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Figure  6.  Output  pulse  voltage  (upper;  vert.  50  kV/div.,  hor. 
1  ^s/div.)  and  power  output  waveforms  (lower; 
vert.  10  mV/div.) 
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SUPERCONDUCTING  CAVITY  DEVELOPMENT  AT  LOS  ALAMOS  NATIONAL  LABORATORY* 
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Abstract 

A  capability  to  design,  fabricate,  and  test 
superconducting  cavities  has  been  established  at  Los 
Alamos  Natinal  Laboratory.  Chemically  treated 
single*cell  niobium  cavities  are  being  tested  at  high 
fields  (805  MHz  and  3  GHzL  Because  the 
accelerating  gradients  achieved  in  these  cavities  are 
usually  limitM  by  field  emission,  conditions  affecting 
field  emission  and  cavity  loss  are  being  investigated 
by  making  changes  in  the  established  cavity¬ 
processing  sequence.  This  paper  discusses  one  of 
those  changes  and  results. 

Introduction 

Single-cell,  3  GHz  cavities  are  being  tested  to 
refine  cavity  processing  and  assembling  procedures. 
These  cavities  are  high-RRR  niobium,  spneroidal  in 
shape,  and  use  indium  seals  between  the  beam  tubes 
and  stainless  steel  flanges.  Part  of  the  testing 
program  is  the  development  of  a  distribution  of  cavity 
performance  as  measured  by  peak  electric  field  in  the 
cavity.  The  results  of  measurements  made  over  more 
than  a  year  are  summarized  in  Fig,  1.  Certain  of 
these  results  indicated  a  cavity  contamination 
problem,  especially  after  high-fleld  operation. 
Addressing  this  problem  led  us  to  make  a  change  in 
the  chemical  polishing  procedure. 


Pig.  1 .  Distribution  of  3  GHz  cavity  tests  related  to 
the  maximum  peak  electric  field  achieved. 
H  =  runs  with  modified  chemistry,  ■  = 
standard  1,1, 1  chemistry.  For  the  cavity 
geometry,  Epft,k/E,cc|j =3.64.  Cavity  Qo = ^ 
10x10*  at  IC.  ^otal  of  36  runs  on  9 
cavities. 


♦Work  supported  by  Los  Alamos  National 
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of Energy. 


Observations 

Figure  1  shows  that  the  average  peak  electric 
field  achieved  is  35  MV/m,  which  corresponds  to  an 
average  accelerating  gradient  of  9.7  MV/m.  It  also 
shows  that  one  out  of  five  cavity  runs  resulted  in  a 
fairly  low  peak  electric  field,  around  26  MV/m. 
Usually,  this  occurred  after  a  cavity  had  first  run  at  a 
higher  field  level .  Attempts  to  improve  performance 
by  rinsing  the  cavity  with  water  and  methanol  proved 
futile.  In  addition,  the  majority  of  cavities  that  fell  in 
the  26  MV/m  cluster  also  showed  a  bump  at  3.4  K  in 
their  1/Qo  vs  T/T  plots.  A  typical  example  of  such  a 
plot  is  shown  in  Fig.  2. 


Fig.  2.  Plot  showing  non-BCS  behavior  around  3.4 
K  in  Final  Run  4 

Because  indium  is  a  superconducting  metal, 
and  Tc  of  indium  is  3.4  K,  we  speculated  that  the 
bump  in  the  1/Qo  curve  had  something  to  do  with 
indium  contamination.  The  presence  of  the  bump 
could  be  explained  by  the  fact  that  indium  is  a  normal 
conducting  contaminant  above  3.4  K  (which  would 
cause  the  l/Qo  curve  to  approach  a  constant  value 
above  this  temperature)  and  that  at  3.4  K,  when  the 
indium  becomes  superconducting,  the  loss  caused  by 
the  contaminant  becomes  negligible  and  the  overall 
cavity  behavior  returns  to  conformance  with  BUS 
theory . 

Further,  the  roll-off  of  the  cavity  Qo  at  26 
MV/m  appeared  qualitatively  more  precipitous  than 
a  roll-off  due  to  field  emission.  A  26  MV/m  peak 
electric  field  gives  a  peak  magnetic  field  level  in  the 
cavity  of  303  Gauss.  For  indium  at  1.8  K,  He  is  211 
Gauss.  Assuming  indium  contamination  was  not 
uniform  in  the  cavity,  it  seemed  plausible  that  the 
cavity  magnetic  field  was  driving  the  indium  normal, 
leading  to  a  lower  cavity  Qq. 
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Test  Results 

Because  this  roll-off  behavior  at  26  MV/m  was 
not  necessarily  removed  by  a  2-minute  dip  in  1,1,1 
hydrofluoric,  nitric,  and  phosphoric  acids,  we 
conducted  to  a  qualitative  study  of  the  dissolution 
rates  of  niobium  and  indium  in  different  acids.  We 
found  that  in  the  1,1,1  acid  mixture,  niobium 
dissolved  more  quickly  than  did  indium.  This  means 
that  a  2  minute  polish  in  1,1,1  could  leave  indium  on 
the  cavity  surface,  if  the  acid  could  not  completely 
dissolve  the  niobium  underneath  to  release  it.  The 
tests  also  showed  that  pure  nitric  acid  would  readily 
dissolve  indium,  but  had  no  effect  on  niobium. 
Further  research  indicated  that  pure  nitric  acid 
would  not  hydrogen-impregnate  the  niobium  and 
thereby  degrade  the  Qo- 

Figure  3  shows  the  results  of  three  high  field 
tests  run  on  one  cavity.  The  first  test  was  the  Initial 
one  run  after  fabrication  and  after  the  removal  of  57 
microns  with  a  1,1,1  acid  mixture.  The  second  test 
was  done  after  another  18  microns  had  been  removed 
witn  1,1,1.  This  run  exhibited  a  25  MV/m  roll-off, 
indicating  that  something  had  contaminated  the 
cavity;  either  the  18  micron  polish  did  not  remove  the 
contamination  from  the  first  run  or  it  occurred  after 
the  polishing  step.  For  the  third  test,  the  cavity  was 
dipped  only  in  pure  concentrated  nitric  acid  for  10 
minutes,  then  rinsed.  In  this  run.  the  cavity  achieved 
the  same  peak  electric  field  as  in  the  initial  run,  but 
at  a  lower  Qq.  This  test  suggested  that  whereas  a 
moderate  (2  minute)  1,1,1  polish  would  not  remove 
indium  contamination,  a  pretreatment  with  pure 
nitric  acid  would. 


Fig.  3.  Comparison  of  tests  after  different  acid 
treatments 

1  -  57  um  removed  with  1,1,1  initial  run 

2  - 18  um  removed  with  1,1,1,  second  run 

3  - 10  minutes  in  cone  nitric  acid  only,  third 
run 

We  consequently  changed  our  chemical 
polishing  procedure  from  one  using  only  the  1,1,1 
mixture  to  one  that  incorporates  a  10  minute 
pretreatment  in  pure  concentrated  nitric  acid  before 
the  cavity  is  polished  in  1.1,1  The  intent  is  to  remove 


any  indium,  or  other  foreign  metal  contaminant,  from 
the  niobium  surface  before  the  1,1,1  niobium  polish. 

Though  more  data  is  needed,  the  five  cavity 
tests  done  so  far,  using  the  new  procedure,  have  not 
shown  the  symptoms  postulated  to  be  due  to  indium 
contamination.  The  cavities  also  had  higher  than 
average  fields  see  (Fig.  1). 

Discussion 

Indium  contamination  may  be  a  significant 
problem  with  the  Los  Alamos  3  GHz  cavity  design, 
because  the  width  of  the  indium  sealing  flange  on  the 
cavity  is  0.188  inches  and  the  indium  wire  used  is 
0.020-0.030  inch.  This  makes  it  likely  that  indium 
will  protrude  into  the  cavity,  potentially  causing 
contamination  .  Using  a  wider  flange  may  mitigate 
the  problem,  or  make  it  less  frequent,  but  as  long  as 
indium  is  used  as  the  flange  sealing  material,  the 
cavity  interior  will  always  be  exposed  to  it  to  some 
degree. 

Summary 

Contamination  of  superconducting  cavities  is 
always  a  problem.  In  this  instance,  the  observed 
behavior  of  poorly  performing  cavities  indicated  that 
indium  contamination  may  be  responsible.  The 
standard  chemical  polishing  treatment  was  modified 
to  include  a  10  minute  pretreatment  with  pure 
concentrated  nitric  acid  before  the  standard  2  minute 
dip  in  1,1,1.  Preliminary  results  from  five  cavity 
tests  indicate  that  this  modification  may  decrease  the 
number  of  cavity  tests  that  fall  in  the  lower  lobe  of 
the  performance  distribution. 
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Abstract 

The  paper  contains  theoretical  and  eKperimental 
research  results  of  electron  llnac  with  RF  power 
upgrade  system  as  an  RF  source.  Application  of  this 
systems  gives  a  possibility  to  increase  the 
accelerated  beam  energy  without  RF  source  (generator 
or  amplifire)  power  increasing.  Cavities  are  used 
for  RF  energy  storage  in  this  system  as  well  as  in 
SLED  one.  In  difference  with  this  system  usage  of 
amplitude-phase  modulation  of  generator  wave  allows 
to  form  a  flat  topped  RF  pulse  of  accelerated  wave. 
In  this  case  a  beam  energy  increasing  can  be 
achieved  without  beam  energy  spread  widen. 


INTRODUCTION 

A  eerloB  problem  of  accelerated  beam  energy 
spread  widen  arises  when  designlm)  an  electron  llnac 
rdth  RF  power  upgrade  system  as  a  power  source. 

Some  evident  advantages  are  inherent  to  RF  power 
upv’ade  eystems  with  cavities  as  an  energy  storage 
el(Mnents.  But  its  have  an  essential  fault  aslo.  When 
using  such  a  system  for  electron  llnac  feeding  a 
coneideraUs  changing  of  RF  wave  amplitude  at 
accelerating  structure  input  results  in  accelerated 
beam  energy  spread  wldlng.  This  changing  is 
rondltionsd  by  a  cavity  emitted  wave  damping  at  a 
tstored  energy  use  period.  One  possible  way  to 
overcome  this  fault  is  discussed  in  work  [  1  ]  .  Here 
in  order  tocompensats  an  energy  spread  wirttng  one 
should  accomplish  a  beam  current  modulation  within  a 
pulse  duration.  However  this  method  have  a 
limited  usage,  in  particular,  it  can  not  be  used  for 
negligible  current  loading  cases. 

Another  way  of  this  problem  solving  is  suggested 
in  this  paper.  A  flat  output  waveform  RF  pulses  are 
formed  by  this  linac  RF  power  feeding  system  with  RF 
energy  compression.  Such  a  pulses  at  accelerating 
structure  input  are  formed  by  means  of 
wnplitude-pt'iase  modulation  of  the  RF  power  generator 
(or  amplifire)  wav.?.  Here  it  must  b«!  pointed  out 
that  such  a  way  of  RF  power  pulses  shaping  is 
available  only  for  energy  upgrade  systems  in  which 
an  output  wav'j  ;s  formed  by  a  generator  wave  and 
emitted  from  a  storage  cavity  one  combining  1 1~4]  . 


THEORY 

It  is  an  exponential  law  the  emitted  from  a 
storage  cavity  wave  amplitude  during  an  output  RF 
pulse  is  decreasing  according  to.  So  the  generator 
wave  amplitude  should  increase  in  time  during  RF 
pulse  in  order  to  compensate  the  emitted  wave 
decreasing.  The  resulted  output  wave  amplitude  will 
be  constant  within  some  time  interval  if  the 
generator  wave  amplitude  increasing  law  is  choosed 
in  a  proper  way.  Tiiiie  interval  duration,  where 
output  wave  amplitude  is  constant,  depends  on 
different  system  parameters  a 'id,  in  particular,  on 
the  wave  amplitude  val  le  at  the  accelerated 
structure  input  which  is  no.,  led.  The  pulse  flat  top 
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end  moment  corresponds  to  that  one  when  a  generator 
output  RF  power  comes  to  its  maximum  value  because 
this  value  is  limited  and  the  output  RF  wave 
amplitude  couldn't  increase  more. 

Electron  linac  with  such  a  system  as  an  RF  source 
is  shown  in  fig.1.  The  main  elements  of  this  linac 
are  as  following!  an  initial  RF  generator  1  (here 
and  after  number  of  element  corresponds  to  its 
position  In  fig.I>i  output  RF  power  amplifire 
(klystron)  2;  highspeed  phaseshifter  3;  two  storage 
cavities  4  connected  to  the  accelerating  structure 
by  a  3-d6  coupler  St  cavities  coupling  change 
elements  6t  auxiliary  RF  amplifire  7;  shaped  pulse 
generator  8  and  accelerating  structure  9. 


The  linac  RF  system  work  can  be  illustrated  with 
the  help  of  time  dlog^ams  shown  in  fig.2.  RF  energy 
accumulation  at  cavities  4  takes  place  during  the 
first  and  the  best  part  of  a  generator  RF  pulse 
duration  (time  interval  from  0  to  l-e  >.  In  this 
period  in  order  to  store  a  maxioMm  possible  amount 
of  field  energy  the  cavities  coupling  is  established 
to  proper  value  by  means  of  elements  6.  By  the  way 
it  can  be  pointed  out  that  this  elements  presence  is 
not  necessary.  Cavities  coupling  value  increasing 
(by  means  of  elements  6)  and  generator  wave  phase 
inverse  are  accomplished  at  the  same  moment  -to 
This  results  in  stored  energy  discharge  from  the 
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cavltlas.  The  discharging  period  duration  equals  to 
the  rest  part  of  generator  RF  pulse  one  (time 
intervj^  from  -to  to  t^  ).  Amplitude  modulation 
of  the  amplifire  2  output  wave  takes  place 
within  this  period.  It’s  accomplished  by  the 
amplifire  exited  wave  modulation  as  well  as  it  is 
for  the  phase  modulation.  Auxiliary  amplifier  7  with 
shaped  pulse  generator  8  and  a  hl^^speed 
phaseshifter  3  are  used  for  this  combined 

amplitude-phase  modulation.  As  a  result  a  flat  top 
output  waveform  RF  pulse  is  formed  at  an 

accidoratlng  structure  input.  In  order  the  pulse  top 
to  be  a  really  flat  the  ampllflra  2  output  wave 
amplitude  must  be  changing  in  accodance  with  a 
clrtain  law. 

To  define  this  law  one  could  consider  an  equation 
for  cavity  emitted  wave  amplitude  E«  [2]  « 

T.^  (,) 

where  “amplifire  output  wave  amplitude]  oL  • 

(Te*  cavity  time  constant;  {b  -  cavity 

coupling  factor]  Q«  end  ~  cavity  unloaded 
Q  -  factor  and  frequency,  respectively. 

Coneidarlng  the  amplifire  wave  Eo  to  be 
conetant  within  time  Interval  <0,  t.o  )  and  output 
wave  £,.<■  E«(t)  to  be  constant  within  time 

interval  ( t« ,  >  the  solution  of  equation  (1) 

could  be  represented  as  following: 


where  eit*  Tm  “  I 

I  Pi  •nd  Pt  -  cavity  coupling 
factor  within  energy  storage  time  period  (0,  to  )  and 
stored  energy  using  period  (  to  ,  tu  >• 
respectively. 

This  case  an  output  wavs  amplitude  E^  for 
corresponding  time  intervals  isi 


Eu(t) 


-  oioE,e"*/'^«  +(oi,-l)Eo 

(Er 


,  0<t< to 
,to<t*tu 
,  t  >  tu 


where  oi, » 

The  anallsis  of  equation  (2)  shows  tnat  a  power 
upgrade  factor  Kf  «(Ev/Eo)'  for  certain  output  RF 
pulse  duration  At  ••tu~  to  reaches  its  maximum 
value  for  quite  concrete  cavity  coupling  factors 
and  |bt.  Curves  of  power  upgrade  factor 
dependens  against  cavity  coupling  factors  values  are 
shown  in  fig.3.  The  curves  are  given  for 
alternating  coupling  (  fb,  ^  >  and  constant 

coupling  (  ^ «  fS  )  systems  bouth.  Coupling 

factors  {b,  and  are  equal  to  its  optium 

values. 

EXPERIMENTS 

A  30  MeV  electron  linac  was  used  for  experimental 
investigations  of  this  RF  energy  compression  system. 
The  main  parameters  of  this  linac  are  the  following: 
accelerated  beam  energy  10-30  MeV;  beam  current 
0-300  mA;  amplifire  output  power  20  MW;  RF  pulse 
duration  2.5  ;  accelerated  structure  length  4.4 

m;  loading  factor  a/X  =  0.14. 

A  cylindrical  cavities  with  quality  factor 
Qo  =  90*10^  and  coupling  factor  ^  =  10  are  used  as 
an  energy  storage  elements  in  experimental  unit.  It 


Fig.3.  Curves  of  upgrade  factor 
duration  for 

coupling  factors  ^ 


K  p  v.s.  pulse 
optimum  value  of 
and  ^  . 


is  a  constant  coupling  system.  Complicated 
amplitude-phase  modulation  was  carried  out  with  the 
help  of  highspeed  phaseshifter  based  on 
semlconducter  elements  (phase  modulation)  and  an 
auxiliary  amplifire  based  on  a  traveling  wave  tube 
controlled  by  a  shaped  pulse  generator  (amplitude 
modulation). 

Experimentally  measured  values  of  power  upgrade 
factor  Kp  v.s.  output  pulse  duration  At  are 
given  at  fig.4.  The  same  dependens  but  calculated 
for  the  same  values  of  and  ^  are  shown  hors 
also. 


Flg.4.  Measui'ed  (- - )  and  calculatid  (  — — .  ■  ) 

values  of  Kj.  for  cavity  with  Qg  =  90*10* 

and  ^  =  10. 


Experiments  accomplished  to  investigate  a  linac 
beam  energy  spread  behaviour  when  using  an 
ampUtude-pnase  modulation  of  an  RF  generator  wave 
show  that  a  beam  energy  spread  (at  a  half-height 
level)  for  output  puls  duration  from  0.4  to  1.0  jiS 
in  this  case  is  about  4-5  times  narrow  that  it  is 
for  SLED  system  (i.e.  without  amplitude  modulation) 

L  3]  .  Here  it  makes  2-3  %  .  A  typical  beam  energy 
spectra  obtained  by  a  magnetic  analyser  are  given  in 
fig.5.  For  the  same  operating  parameters  of  the 
linac  a  beam  energy  spectra  for  SLED  system  use  are 
given  also. 
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Fig.5.  Accalaratad  ba«iR  anargy  apactra  for  RF  anargy 

compraaalon  ayatam  with  <■■  )  and  without  - > 

'  amplltuda-phaaa  modulation. 


Aa  a  raault  ona  may  point  out  that  a  llnac 
aecalaratad  t»am  Incroaaa  without  anargy  apraad 
wldan  can  ba  achlavad  by  using  an  RF  anargy 
comprasslon  ayatam  with  cavltlas  as  an  anargy 
storaga  slamanta  and  amplltuda-phasa  modulation  of  a 
ganarator  for  llnac  RF  faadtng.  A  baam  anargy 
apraad  In  thla  caaa  would  bo  at  loast  not  wldar  than 
It's  for  Initial  llnac  configuration  (without  any 
compraaavon  ayatam).  It  allows  to  maka  an  anargy 
compraaalon  ayatam  with  atorago  cavltlas  application 
flsld  iM«ch  wldar. 
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Tuning  and  Coupling  Mismatch  Tolerance  in 
Cavities  Driven  by  a  Quadrature  Hybrid^ 
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Seattle,  Washington  98124 


Abstract 

If  cavidei  having  identisal  complex  reflection  coeffldents 
are  driven  by  a  quadbrature  hybrid,  all  of  the  reflected  power 
qipean  at  the  terminated  pM  of  the  hybrid.  Mismatch  of 
to^g  angle  or  coupling  coefficient  results  in  voltage  standing 
wave  ratio  greater  than  unity  in  the  hybrid  input  port  Inthis 
pm)er,  allowed  mismatch  is  related  to  the  allowed  standing 
wave  ratio. 

I.  INIBODUCnON 

An  attractively  simple  and  economical  drive  concept  for 
aocelerttor  cavities  employs  qua^aiure  hybrids  to  drive  cavides 
in  pairs  (Fig,  1).  This  protects  the  klystron  from  reflected 
power  frtm  the  cavities  during  ordinary  (non-fbult)  opermioo. 
so  long  as  their  complex  reflection  coefficients  and  beam 
loading  are  equal,  without  recourse  to  high  pow«  circuiaton. 
assuming  a  p^eedy  balanced  qdit  md  correctly  matched  phare 
lengths  in  the  drive  legs  to  the  two  cavitiM,  the  voltage 
standing  wave  rado  (VSWR)  seen  by  the  klystron  will  be 
entirely  due  to  differences  in  die  tuning,  coupling,  and  beam 
loading  of  the  two  cavities.  Here,  we  set  out  to  find  the 
allowaUe  mismatches  in  tuning  and  coupling  for  a  given 
maximum  VSWR,  assuming  no  beam  pteseat 


Figure  1.  Cavity  drive  circuit  schematic. 


^  Work  siqip(»ted  by  US  ASDC  under  contract  number 
DASG60-9(K:-0106 


n.  BACKGROUND:  Q  CIRCLE,  REFLECTED 
VOLTAGE  AND  TUNING  ANGLE 

As  drive  frequency  is  swqx  iqiwttd  through  resonance,  the 
complex  refleedm  coefficient  of  a  cavity  moves  along  a  circle 
tangent  to  the  unit  circle  at  the  left  side  of  the  Smith  chart  [1]. 
This  circle  is  called  the  Q  circle,  presumably  because  it 
contains  infocmadon  from  which  the  loaded,  unloaded,  and 
external  Q's  of  the  cavity  can  be  calculated.  Figure2showsa 
schemadc  rqxesentadon  of  a  Q  circle,  defining  various  angles, 
phaaors,  etc.  used  hereia 


Figure  2.  Voltage  phasors  for  a  cavity  resonant  at  fo, 

having  a  bandwidth  BW.  ItaintS  moves 
clockwise  around  the  Q  circle  as  f  increases. 

Note  in  particular  that  the  reflected  voltage  phasor  V;  is 
the  complex  sum  of  the  voltage  Vc  from  inside  the  cavity  and 
the  negative  unit  phasor  representing  the  reflection  from  the 
coupling  aperture  itself: 


tost 
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In  order  to  optimize  efficiency  at  full  beam  cunent, 
acceleiating  cavities  are  made  to  be  oveicoupled  «4)en  no  beam 
is  present;  for  such  cavities,  the  standing  wave  ratio  on 
resonance  equals  the  coiq)ling  coefficient  p.  In  Hg.  2,  the 
forward  vol^e  phasor  is  a  vector  of  unit  length  (i.e.,  the 
length  PO)  from  left  to  right  The  standing  wave  ratio  c  (on 
resonance)  is  obviously  the  ratio  of  the  length  PQ  to  the 
length  QR. 


This  can  be  inverted  to  obtain  the  Q  circle  radius  in  terms  of 
the  coiqriing  coefficient 

*  +  P  (3) 


undergoes  a  phase  shift  of  180^  which  is  equivalent  to  a  sign 
change.  Thus,  normalized  to  the  forward  wave  in  the  feed 
guide  from  the  klystron  to  the  hybrid,  the  reverse  voltage 
phases  due  to  the  cavity  pair  is 


-Vtl-Va  _ 

*  2  2(|i,+i)  ■  ■  p, 

where  subscripts  1  and  2  refer  to  cavities  1  and  2. 

in.  CASE  I:  TUNINO  MISMATCH  WITH  EQUAL 
COUPUNO 

At  this  point  we  make  the  assumption  that  the  cavity 
coupling  coefficiems  are  practically  equal  The  modulus  of  the 
reflected  phasor  can  be  shown  to  be  given  by 


The  angle  y  between  the  real  axis  and  phasor  Vc  is  called 
the  tuning  angle,  and  is  given  in  terms  of  the  difference 
between  resonant  frequency  ^  and  drive  frequency  f  by 


tany  ■ 


BMdwkhh  f 


(4) 


where  Ql  is  the  loaded  Q  of  the  cavity.  The  tuning  angle  is 
therefore  a  measure  of  the  resonant  frequency  error. 


P+1 

where 

gy  .|yj  .  y^l  . 

Relation  to  Input  Standing  Wave  Ratio 

The  standing  wave  ratio  in  the  hybrid  input  is 


(8) 


Rtflected  Voltage  Phaser 

In  Fig.  2,  Wc  is  readily  seen  to  be  given  by 


Vc»  r+rei^'i^  • 


(5) 


Thus,  Eqns.  (1),  (3),  and  (S)  can  be  combined  to  give  the 
reflected  volta^  {rira^ 
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l  +  lvj_l+|i 

1  +  Sin  (5y:] 

1-|V*|  TTTT 

1  •  sin  (gyi 
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With  (Pi  as  a  parameter,  Eqn.  (9)  is  plotted  over  the  range 
from  1  to  1.6  (covering  the  range  of  typical  allowable  klystron 
load  mismatches)  in  Fig.  3. 


Vr« 


Pei2^-1 

P+1 


Equation  (9)  may  be  inverted  to  find  the  allowed  tuning 
angle  difference  for  cavities  of  a  given  coupling; 

(Q 


Rtlflected  Phasor s  at  the  Hybrid  Input  Port 

Assuming  an  ideal  quadrature  hybrid,  each  of  the  two 
cavity  feed  waveguides  will  have  a  forward  voltage  amplitude 
redu^  by  lH2  frtxn  the  forward  voltage  in  the  hylmd  input 
Each  of  tte  reflections  from  the  cavities  produces  a  reverse 
wave  at  the  input  and  load  ports  which  is  reduced  by  another 
factor  of  1H2,  so  that  the  overall  normalization  factor  for 
reflections  in  the  input  port  is  1/2.  Furthermore,  the  reflection 
from  the  second  cavity,  as  seen  in  the  hybrid  input  port. 


5V  =  sin*^ 


ri+P 

Vh 

L  P 

(10) 


1052. 


IV«  CASBUs  OOUPUNO  MISMATCH  Wiiri  EQUAL  Ifwc  define  C0(Qdiiiginisin8tch  5  ^8S  the  difference 

1VN1NO  between  coupling  coefficients, 


We  now  asrame  the  cavities  have  equal  tuning  angles  y. 
batfiffMeatcoivUngco^icients.  Equation  (7)  reduces  to 


5P  =  P2*Pl  ’ 


r  1  1  1 

* — 5— • 


(U) 


The  modnlni  of  this  phaaor  is  maximized  for  cavities  resonant 
at  the  dtitting  fieque^  (y  >  0),  for  which  case 


titen  die  reflected  voltage  {diasor  modulus  can  be  expressed  in 
tenns  of  this  difference: 


Vri,  _ _ ,1-SS _ _ 

(,3, 

This  result  can  be  used  to  find  the  coupling  mismatch 
coire^onding  to  a  qiecified  standing  wave  ratio.  IfP2>Pl. 
then 


K’i)(Pt^i)^  . 
2*Pi(Vl)  ’ 


(14^ 


ifp2<Pi,then 
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ABSTRACT 

The  ability  of  existing  analytical  and  numerical  tools 
to  predict  beam  performance  at  the  short  bunch  lengths 
and  high  peak  currents  characteristic  of  contemporary  ac> 
cdeiator  designs  is  discussed.  Recent  advances  in  cal¬ 
culating  the  high  frequency  behavior  of  impedance  and 
in  describing  bunched-beam  collective  dynamics  are  high¬ 
lighted.  A  critical  review  is  presented  of  outstanding  prob¬ 
lems  that  must  be  addressed  before  a  thorough  description 
of  short,  intense  bunches  is  obtained. 

INTRODUCTION 

Performance  optimisation  for  linear  and  circular  col¬ 
liders,  PEL  drivers,  damping  rings,  and  synchrotron  light 
sources  often  yields  configurations  with  short  bunches  of 
high  phase  space  dendty.  For  example,  sub-centimeter  in¬ 
teraction  point  i9*s  are  needed  in  high  luminosity  collider 
designs,  and  the  variation  of  0  over  the  scale  /9*  in  turn 
demand  sub-centimeter  interaction  lengths  and,  therefore, 
snb^entimeter  bunch  lengths.  Chromatic  effects  can  fur¬ 
ther  constrain  these  highly  charged,  short  bunches  to  low 
momentum  spread.  Sim^  demands  are  made  on  free 
deetron  laser  drivers  where  high  peak  current  at  low  mo¬ 
mentum  spread  is  necessary  to  achieve  appreciable  gain. 
Bunches  must  be  longer  than  the  slip  distance  NX  (where 
JFisthenumber  ofpesiodsofthe  wigglerand  Aisthe  wave¬ 
length  of  the  radiation),  and  longer  bunches  offer  better 
frequency  definition  (narrower  bandwidth).  However,  for 
fbced  peak  current  the  advantages  of  reduced  total  bunch 
charge,  rf  phase  length,  and  wakeflelds  make  short  bunches 
attractive,  and  at  IR  wavelengths  and  below  typical  scenar¬ 
ios  again  involve  centimeter  and  sub-centimeter  bunches. 

For  a  relativistic  bunch  of  length  f  =  cr,  the  width 
of  the  frequency  spectrum  Aw  of  the  wall  currents  due  to 
other  the  gross  charge  distribution  or  perturbations  will 
be  of  order  1/r.  A  diffractive  model  of  the  coupling  (ma¬ 
chine  impedance)  of  beam-induced  fields  to  vacuum  cham¬ 
ber  discontinuities  suggests  a  rolloff  at  frequencies  above 
e/a,  where  o  is  the  beam  pipe  radius.  The  sub-centimeter 
bunches  ducussed  above  are  typically  transported  in  multi- 
centimeter  radius  beam  pipes,  and,  consequently,  the  beam 
coupling  varies  strongly  over  the  frequency  widths  of  pos¬ 
sible  collective  modes  and  the  rolloff  region  is  sampled. 

To  fully  understand  this  short  bunch  regime,  which 
is  more  typical  of  electron  than  proton  accelerators,  two 
principal  questions  must  be  addressed.  First,  what  is  the 


*Sappoited  by  D.O.E.  contract  #DE-AC05-84ER40150 
0-7803-013S-8/91$01.00  eiEEE 


frequency  dependence  of  the  machine  impedance  at  fre¬ 
quencies  well  above  the  beam  pipe  cutoff  (or  alternatively, 
the  time  dependence  of  the  Wakefields  at  distances  small 
compared  to  the  beam  pipe  radius).  Secondly,  what  is 
the  correct  description  of  collective  phenomena  for  finite 
length  bunches  with  strongly  frequency  dependent  cou¬ 
pling.  During  the  past  few  years  there  has  been  substantial 
progress  in  answering  the  first  question,  with  various  an¬ 
alytic  approximations  and  numerical  models  yielding  con¬ 
sistent  conclusions  on  the  scaling  laws  for  high  frequency 
inachine  impedances.  The  results  have  been  more  mixed 
with  respect  to  the  latter  question,  with  reasonable  suc- 
ceu  in  explaining  transverse  instabilities  in  storage  rings 
and  curing  emittance  degradation  in  linacs,  but  only  qual¬ 
itative  agreement  with  observed  longitudinal,  single-bunch 
instabilities  in  storage  rings. 

In  September  1990  the  Fourth  Advanced  ICFA  Beam 
Dynamics  Workshop  focused  coileciive  effects  in  short 
bunches,  and  the  results  presented  at  that  meeting  by  a 
number  of  researchers  strongly  informs  this  present  review. 
The  proceedings  of  the  workshop  was  published  as  a  KEK 
Reportl^i  and,  in  addition  to  the  individual  papers,  it  pro¬ 
vides  overview  notes  and  extensil  e  references  which  are 
recommended. 


IMPEDANCE  BEYOND  CUTOFF 

In  the  last  few  years  significant  progreu  has  been 
made  in  clarifying  the  asymptotic  behavior  of  impedance 
in  the  ultrarelativistic  limit  v  =  e.  First,  a  variety  of  ap¬ 
proximate  approaches!’!  have  consistently  shown  that  th« 
real  (resistive)  and  imaginary  (reactive)  parts  of  the  longi¬ 
tudinal  impedance  Z  of  an  isolated  cavity  vary  as  for 
high  enough  frequencies  ,  u  >  e/a.  For  an  infinitely  peri¬ 
odic  structure,  on  the  other  hand,  the  resistive  impedance 
is  found  to  rolloff  asymptotically  as  and  the  reac¬ 
tive,  as  consistent  with  causality.  A  relatively  simple 
description  f'f  the  transition  between  the  two  regimes  is 
ipven  by  Gluckstern!’!  in  terms  of  the  complex  admittance 
per  cell  NYji{k)  =  N/2jf{h)  for  iii  =  u/e  and  N  cells: 


NZoYtfik)  S  ZoYi(k)  +  arctan(^)  (1) 

where 

(2) 

\L 

and  where  ZoYi{k)  is  the  averaged  admittance  for  a  single 
cell 


z,Ydk)  =  <1+2^ 

y/g 


(3) 
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The  cell  gap  is  g  and  the  intercell  spacing  is  L.  For 
N-*oo 

w»(»)  -  (4) 

and  w~*/’  dependence  is  obtained  for  the  resistive  part 
of  the  impedance  if  the  second  term  is  large  compared  to 
the  itzst;  t.e.,  ha’  >  The  derivation  demands  that 
ha’  >  L.  It  would  appear  that  for  large  spacing  L  the 
impedance  returns  to  a  sum  of  single  cavities  values.  If, 
however  N  is  held  fixed  end  the  lintit  h  -*  oo  is  taken 

NZnYnik)  -*  (5) 

Note  that  for  N  >  Llg  the  impedance  per  cavity  is  re* 
dated  by  a  factor  l/V^. 

The  analogous  longitudinal  couplings  for  dipole  and 
higher  modes,  which  are  excited  by  offset  beams,  have 
been  found  to  exhibit  (up  to  constants)  the  same  behavior. 
Ndther  well  resistivity  nor  beam  pipe  curvature  has  been 
iaelnded  in  the  analyses  to  date,  and  it  must  be  pointed 
oat  that  all  of  the  results  have  involved  some  level  of  ap¬ 
proximation.  Iterative  methods  or  smoothing  may  not  be 
convergent,  and  truncation  of  matrices  and  finite  mesh  site 
may  introduce  spurious  behavior,  but  the  fact  remains  that 
a  l»oad  range  of  approximate  methods  agree  on  the  basic 
asymptotic  frequency  behavior  of  impedance.  A  rigorous 
teenlt  for  some  closed  geometry  with  beam  pipe,  unfortu¬ 
nately,  has  yet  to  be  achieved. 

ibeperimeataUy,  the  clearest  evidence  of  behav¬ 
ior  comes  from  reinteri  retation  of  an  ISR  experiment  by 
HoAnann,  Risselada,  and  Zotter.(^)  It  is  argued  that  par¬ 
asitic  losses  are  due  to  single  protons  individually  inter¬ 
acting  with  the  machine  impedance.  The  interaction  fre¬ 
quency  is  determined  by  the  width  of  the  field  lines  at  the 
wall.  Aw  ~  cy/a.  For  high  energies  (S1.4  GeV)  frequencies 
o\*er  60  GHs  are  sampled.  Measurements  of  energy  lou  at 
tlum  dUTerent  energies  (3.6  GeV,  15.4  GeV  and  31.4  GeV) 
arc  consistent  with  the  w~^/’  behavior  of  isolated  cells. 

loss  FACTORS  AND  WAKE  POT^NTULS 

The  longitudinal  and  traiuverse  wake  potentials  (Wi 
and  Wt,  respectively)  are  the  effective  Green  functions 
for  beam  self-interaction  in  a  quasistatic  limit.  They  are 
Fourier  conjugate  to  the  impedance  functions.  The  associ¬ 
ated  loM  fhctors,  ht  and  h,,  are  averages  of  the  respective 
wake  potentials  over  a  given  particle  distribution,  and  are, 
in  particular,  functions  of  the  rms  bunch  length  o’.  For 
w~^/’  behavior,  we  have 


(6) 

k.  a  o-'/’ 

(7) 

Wl  «  T-l/’ 

(8) 

Wt  «  t'/* 

(9) 

ktOLtr^ 

(10) 

kt  a  <r^ 

(11) 

Wl<XT^ 

(12) 

Wt(XT^ 

(13) 

where  r  is  the  distance  behind  the  exciting  charge,  and  r 
and  <r  are  assumed  small. 

As  is  clear  from  equations  (6-13),  extrapolations  of 
measurements  performed  with  relatively  long  bunches  and 
of  numerical  models  at  the  limits  of  computet  capacity  de¬ 
pend  on  which  asym'^  'otic  regime  is  applicable.  Consider 
for  example,  the  cl  ..ice  of  bunch  length  in  a  linear  col¬ 
lider.  If  w~^/’  behavior  is  realised,  then  exceedingly  short 
bunches  would  appear  unattractive  since  energy  losses  and 
bunch-induced  energy  spreads  (of  order  2ktQ)  would  be  ex¬ 
acerbated  while  transverse  wakes  would  only  be  modestly 
reduced.  It  is  also  noted  that  small  time  behav¬ 
ior  for  Wi  yields  somewhat  mote  curvature  energy  spread 
than  does  a  constant  longitudinal  wake.  If  w~*/’  behav¬ 
ior  is  obtained,  the  transverse  wakes  would  be  strongly  re¬ 
duced  with  short  bunch  length  with  little  impact  on  energy 
lou  and  energy  spread.  Although  pulsed,  room  tempera¬ 
ture  linaes  such  as  SLAC  appear  to  be  safely  in  the  latter 
refpme,  the  wide  spacing  L  of  standing  wave  superconduct¬ 
ing  cavitiu  in  superconducting  linaes  may  not  satisfy  the 
condition  a’/tr  ha’  >  I’/p  for  equation  (4)  to  yield 
«-•/’  rolloff. 

BEAM  DYNAMICS  OF  IINACS 
AND  STORAGE  RINGS 

For  the  relatively  short  time  a  bunch  is  in  a  relativistic 
linac,  the  longitudinal  motion  is  essentially  frosen.  Longi¬ 
tudinal  electric  fields  can  change  the  energy  of  beam  parti- 
cln,  but  since  there  is  no  slip  associated  with  energy  offset, 
current  modulations  are  not  induced.  Thus,  the  principal 
longitudinal  concerns  are  energy  spreads  induced  by  the 
grou  charge  distribution.  Transversely,  there  can  be  am¬ 
plification  from  the  head  to  tail  of  the  bunch  since  trans¬ 
verse  wakn  can  induce  betatron  oscillations  which  can  in 
turn  excite  further  waku.  This  is  described  by^'^ 

#00 

=  ro  y  di'/>(s')Wt(*'  -  *)*(*')  •) 

The  emittance  degradation  is  dominated  by  the  the 
transient  amplification  of  the  largest  perturbations,  ele¬ 
ment  alignment  and  jitter,  which  are  of  relatively  low  fre¬ 
quency  compared  to  typical  bunch  lengths.  In  this  regime, 
where  the  perturbation  to{z,  s)  is  independent  of  z  along 
the  bunch,  an  energy  variation  from  head  to  tail  can  cancel 
the  wake  force  through  chromatic  variation  of  the  focusing 
strength.  This,  of  course,  is  the  principle  of  BNS  damp¬ 
ing  or  autophasing  which  has  been  successfully  applied  to 
SLAC.  Note  that  this  effect  scales  with  A7,  not  for 
fixed  betatron  wavelength,  and  is  therefore  mote  effective 
at  high  energies. 


JOSS 


In  any  case,  the  fiosen  longitudinal  motion  and  short 
linac  propagation  time  allows  for  effective  numerical  sim¬ 
ulation  with  the  beam  bunch  divided  into  slices  which  can 
be  successively  updated  for  ultra  relativistic  wakes.  To¬ 
gether  with  the  better  estimates  as  described  above  of  the 
short  time  or  high  &equency  behavior  of  beam  coupling, 
the  necessary  fundamental  numerical  modeling  tools  are 
well  in  hand.  The  situation  for  storage  ring  bunches  re¬ 
mains  mote  clouded  in  spite  of  considerable  work.  The 
fundamental  difference  is  clearly  the  importance  of  longi¬ 
tudinal  motion  in  the  dynamics  of  storage  ring  bunches. 
Synchrotron  motion  is  an  important  ingredient,  but  the 
principal  physics  is  in  the  fact  that  perturbations  in  en¬ 
ergy  can  lead  to  current  variation  which  can  in  turn  excite 
Wakefields.  An  additional  feature  is  the  need  to  address 
long  term  stability  rather  than  transient  growth. 


MODE  COUPLING  ANALYSIS 

Internal  bunch  instabilities,  both  transverse  and  longi¬ 
tudinal,  have  provided  a  fundamental  limitation  in  the  de¬ 
sign  of  »hort-pulse-Iength  synchrotron  light  sources,  high- 
pkase-space-density  damping  rings,  and  single  pass  PEL 
drivers.  Although  several  formalisms  have  been  devel¬ 
oped  to  deKribe  this  class  of  beam  instability,  they  share 
a  common  structure.  The  starting  point  is  typically  the 
linearised  Vlasov  equation, 


at 


. «/  . 


^o[/l  =  o 


(15) 


where  •  and  pare  appropriate  generalised  coordinates, 
is  the  external  focusing,  and  G[/]  is  some  linear  functional 
acting  on  the  distribution  /.  For  a  coasting  beam  /o  is 
independent  of  as,  and  Fourier  analysis  yields  a  simple  al¬ 
gebraic  equation.  For  a  bunched  beam,  however,  /o  is  no 
longer  independent  of  a,  and  Fourier  analysis  yields  a  con¬ 
volution  integral. 

Typically,  a  set  of  basis  states  (possibly  degenerate) 
is  chosen  with  the  higher  states  corresponding  roughly  to 
shorter  wavelength  internal  ripples.  For  each  mode  there 
is  an  associated  eigen&equency  mut ,  a  multiple  of  the  syn¬ 
chrotron  bequency.  The  impedance  and  beam  current  gen¬ 
erate  an  additional  interaction  between  the  states  which  is 
expressed  as  a  perturbing  matrix  generated  by  expecta¬ 
tion  values  of  impedance  in  the  space  of  the  eigenstates. 
In  general  reactive  impedance  can  couple  a  basis  element  to 
itself  and  generates  diagonal  frequency  shifts  as  its  leading 
term.  Resistive  impedance  provides  the  primary  coupling 
between  neighboring  states.  In  this  manner,  the  integral 
equation  implicit  in  the  Vlasov  equation  for  a  finite  length 
beam  is  converted  into  an  infinite  dimensional  matrix  equa¬ 
tion. 

Determination  of  the  threshold  current  for  longitudi¬ 
nal  and  transverse  instability  ostensibly  requires  solution 
of  an  infinite  dimensional  matrix  problem.  In  practice,  the 
matrix  is  truncated  and  numerically  diagonalised.  Insta¬ 
bility  can  evolve  in  a  number  distinct  ways.  First,  modes 


(which  at  zero  current  are  spaced  by  the  synchrotron  fre¬ 
quency)  can  be  shifted  as  a  function  of  current  by  the  di¬ 
agonal  elements  of  the  perturbation  matrix.  Modes  of  the 
right  class  can  couple  when  their  frequencies  match,  and 
can  yield  instability  if  there  exists  a  nonzero  off-diagonal 
resistive  coupling.  For  transverse  instabilities  in  storage 
rings  this  picture  appears  to  give  a  reasonable  description 
of  experiment,  with  the  lowest  m=0  mode  shifted  until  it 
collides  with  the  m  =  -1  mode.  The  spectrum  of  the  m=0 
mode  primarily  samples  the  better  known,  lower  portions 
of  the  impedance  spectrum.  Spectral  shifts  and  stability 
enhancement  from  chromaticity  are  also  observed  and  are 
in  reasonable  agreement  with  theory.(^  Predictions  based 
on  higher  modes  are  more  problematic. 

For  longitudinal  dynamics  the  lowest  m  =  ±1  mode 
(m  =  0  corresponds  to  the  unperturbed  distribution)  sig¬ 
nificantly  samples  impedance  in  the  rolloff  region  for  short 
bunches  where  the  reactive  impedance  is  changing  sign 
and  there  is  a  strong  resistive  component.  Whether  bunch 
lengthening  or  shortening  is  predicted  is  particularly  sen¬ 
sitive  to  assumptions  about  the  impedance  spectrum.  Cal¬ 
culation  of  mode  shifts  is  less  certain  and,  in  fact,  the 
onset  of  instability  is  not  typically  associated  with  mode 
shifts.!*)  A  second  method  for  generating  instability  in  a 
matrix  theory  is  for  the  off  diagonal  resistive  elements  to 
become  comparable  in  sise  to  the  unperturbed  mode  spac¬ 
ing.  For  coupling  of  two  neighboring  modes,  shifts  in  fre¬ 
quency  would  be  expected,  but  this  may  not  be  the  ease 
when  many  modes  are  involved.  The  success  of  the  infinite 
matrix  approach  for  the  transverse  mode  coupling  instabil¬ 
ity  depends  very  strongly  on  the  very  finite  dimensionality 
(m  =  0  to  m  =  -1)  of  the  underlying  physics.  Experience 
with  the  longitudinal  instability  suggests  that  its  solution 
may  not  be  so  well  behaved,  and  results  have  not  been  sig¬ 
nificantly  more  predictive  than  simple  “massaged”  scaling 
laws. 

OPERATOR  EQUATIONS  AND  INFINITE  MATRICES 

Succe-wful  conversion  of  an  integro-differential  equa¬ 
tion  and  its  associated  eigenvalue  problem  into  a  truncated 
infinite  matrix  equation  depends  on  both  the  boundedness 
of  the  operators  and  the  basis  set  chosen  for  the  expan¬ 
sion.  Typically,  one  is  provided  with  necessary  conditions 
for  convergence  of  the  approximation  scheme,  but  a  par¬ 
ticular  operator  may,  in  fact,  submit  to  the  approximation 
even  if  it  does  not  satisfy  such  a  condition.  Such  luck  re¬ 
quires  experimental  confirmation.  It  will  be  argued  heuris- 
tically  in  this  and  the  following  section  that  the  matrix 
techniques  used  to  describe  longitudinal  bunch  instabilities 
do  not  satisfy  some  of  the  simplest  necessary  conditions  for 
convergence.  This  is  particularly  the  case  for  impedances 
which  asymp‘otically  scale  as 

Intuition  from  finite  dimensional  matrices  to  infinite 
dimensional  operators  is  clearest  for  a  subset  of  bounded 
operators  called  completely  continuous.  Such  operators 
map  bounded  sequences  of  vectors  to  convergent  sequences 
of  vectors;!*)  in  other  words,  the  matrix  elements  M^n  fall 
off  rapidly  with  m  and  n.  For  example,  the  identity  op- 
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entoz  ii  bounded,  but  not  completely  continuous.  Simple 
diffezentiation  cozzesponds  to  multiplication  by  harmonic 
number  (or  matrix  index)  n  in  a  Fourier  series  decompo¬ 
sition,  and  is  neither  bounded  nor  completely  continuous. 
For  completely  continuous  operators,  one  can  be  rather 
cavalier  in  the  choice  of  basis  set. 

For  operators  whose  elements  either  grow,  tend  to  con¬ 
stants,  or  decrease  too  slowly  (e.p.,  inverse  square  root) 
with  index,  infinite  matrix  decompositions  are  not  gener¬ 
ally  well  behaved  except  for  carefully  selected  basis  sets.E^**! 
These  basis  sets  should  share,  for  example,  boundary  val¬ 
ues  or  boundary  behavior  with  the  underlying  problem. 
Other  choices  of  basis  can  lead  to  misleading  results. 

Consider,  for  example,  the  Legendre  equation 


(18) 


which  describes  space  charge  waves  on  a  cold,  parabolic 
bunch  in  the  approximation  of  the  electric  Held  being  pro¬ 
portional  to  the  derivative  of  the  longitudinal  charge  distri¬ 
bution.  As  a  simple  test  of  matrix  truncation,  this  system 
was  analysed  using  a  simple  Fourier  series  in  sines  and 
eosiaes.  The  infinite  matrix  generated  was  truncated  and 
numerically  solved.  Diagonalisation  produced  good  values 
(•V  ii(ii+l))  for  the  lowest  even  eigenvalues  at  a  reasonably 
small  matrix  dimension,  but  the  lowest  odd  eigenvalues 
had  ihiled  to  converge  even  for  a  180  by  180  matrix.  The 
symmetry  and  nodes  of  the  eigenfunctions,  however,  were 
suggestive  of  Legendre  polynomials.  Apparently  the  sero 
boundary  condition  of  the  sine  functions  has  introduced 
convergence  problems  in  the  expansions  of  the  Legendre 
polynomials,  which  are  nonzero  at  the  bunch  ends.  The 
Le^dre  operator  has  one  other  feature  of  note  -  it  has 
positive  expectation  values,  and  it  is  this  fact  which  allows 
the  infinite  matrix  problem  to  work  with  carefully  chosen 
basis  sets.  The  Legendre  model  above  represents  a  finite 
bunch  with  a  sharp,  but  physically  interesting  interaction, 
and  may  exhibit  more  ungulaz  behavior  than  smoother 
distributions  and  interactions. 

The  question,  then,  with  respect  to  the  bunched  beam 
problem  is  whether  the  underlying  infinite  matrix  is  either 
1)  completely  continuous  and  susceptible  to  an  arbitrary 
basis  expansion  or  2)  well-behaved,  but  requiring  a  care¬ 
fully  matched  basis  set,  or  3)  pathological. 

SINGULARITY  OF  LONGITUDINAL  EQUATIONS 


For  frequency  shiRs  fl  large  compared  to  the  syn¬ 
chrotron  frequency,  the  matrix  equation  for  longitudinal 
bunch  motion  takes  a  particularly  simple  form,  which  is 
sufficient  to  illustrate  the  issue.  Following  Wang,(’*}  we 
expect  an  infinite  dimensional  equation  for  high  harmonic 
number  of  the  form 
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Pm  ~  V  ^  'I'mnPn 

(17) 

n=-oo 

T  —  \  H(  ^  ^ 

•*mn  —  » - ) 

H  yinu 

(18) 

and  I  is  the  average  current,  Z{n)  is  the  impedance  at 
harmonic  n,  and  An  is  the  Fourier  coefficient  of  the  unper¬ 
turbed  charge  distribution.  Note  that  for  n/y/mn  large 
compared  to  the  width  of  the  revolution  frequency  distribu¬ 
tion  g,  H  (X  mn.  This  implies,  for  example,  that  although 
the  diagonal  elements  Tnn  will  scale  as  Z{n)/n  for  small 
frequency  shifts,  for  sufficiently  large  shifts  the  scaling  can 
be  as  strong  as  nZ{n).  Consider  now,  the  two  asymptotic 
forms  of  impedance  described  earlier.  In  the  infinite  peri¬ 
odic  limit,  the  leading  behavior  will  be  a  reactive  1/n  for 
Z{n).  In  the  limit  0  -4  oo  Tnn  remains  bounded,  but  does 
not  rolloff.  This  situation  is  marginal  for  convergence  of 
arbitrary  series  expansions.  For  the  isolated  cavity,  both 
the  reactive  and  resistive  impedance  falls  as  l/\/n,  and  for 
large  shifts  Tnn  tends  to  a  y'n  behavior.  Since  this 
sealing,  as  discussed  earlier,  is  most  likely  for  storage  rings, 
this  estimate  suggests  that  special  care  must  be  taken  in 
choosing  basis  sets.  The  large  resistive  term,  in  fact,  may 
prevent  the  process  from  converging  at  all  at  large  values 
of  current.  Typically,  convergence  becomes  problematic 
when  the  self-a4ioint  (in  this  ease,  the  reactive  part)  is  not 
dominant. 

It  should  be  noted  that  for  finite  7,  the  impedance  is 
sharply  rolled-off  at  frequencies  greater  that  ye/a,  and  the 
matrix  is  indeed  finite  but  exceedingly  large  in  dimension. 
Also,  for  fixed  f),  does  finally  rolloff  at  sufficiently 
large  index,  say  nn.  However,  nn  increases  with  increasing 
n.  The  primary  leuon  to  be  drawn  from  from  the  diKus- 
sion  is  that  matrix  truncation  can  be  misleading,  and  that 
physical  solutions,  at  a  minimum,  may  require  matrices  of 
a  dimension  considerably  larger  than  first  expected. 

OTHER  APPROACHES 

The  lack  of  startling  quantitative  success  for  trun¬ 
cated  matrix  methods  may  be  due  to  numerical  difficul¬ 
ties.  On  the  other  hand,  it  may  be  the  case  that  some 
important  physics  is  missing  from  the  model,  and  there 
has  been  some  activity  with  this  perspective.  Clearly,  the 
first  concern  would  be  that  the  impedance  function  itself 
is  not  well  estimated.  It  seems  to  be  the  case,  however, 
that  fitting  to  magnitude  and  shape  leads  to  internal  in¬ 
consistency,  for  example,  between  threshold  current  and 
parasitic  losses.l^*!  Oide  and  Yokoyal^’l  argue  quite  legiti¬ 
mately  that  the  impact  of  potential  well  distortion  of  the 
underperturbed  distribution  must  be  included,  and  have 
produced  a  Vlasov  matrix  analysis  (using  a  new  set  of 
basis  states)  which  indicates  that  threshold  behavior  can 
be  dramatically  altered  by  inclusion  of  potential  well  dis¬ 
tortion  in  a  self-consistent  manner.  Agreement  appears 
good  between  this  theory  and  simulation  for  some  specific 
impedance  shapes.  Of  particular  note  is  that  a  strong  ca¬ 
pacitive  component  enhances  thresholds  by  shortening  the 
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bunch  and  pteventing  deterioration  of  the  incoherent  syn¬ 
chrotron  frequency.  A  thermodynamic  approach  to  turbu¬ 
lent  bunch  lengthening  has  been  proposed  by  Meller.l^^l 
The  free  energy  of  numerically-obtained,  time-dependent 
distributions  is  compared  to  the  conventional  stationary 
Maxwell  distribution  for  impedances  with  a  resistive  com¬ 
ponent.  It  is  found  that  above  a  threshold  current  a  time- 
dependent  solution  has  a  lower  free  energy  and  is  therefore 
the  preferred  state  for  the  beam.  This  transition  is  inter¬ 
preted  as  the  threshold  for  turbulent  bunch  lengthening. 
Comparison  to  SPEAR  observations  and  simulation  are 
promising.  Hirata^^*]  also  finds  time  dependent  solutions, 
but  for  localised  structures,  and  demonstrates  that  they 
can  be  the  preferred  state  of  the  beam.  More  effort,  both 
analytic  and  numerical,  should  be  focused  on  such  nonper- 
turbative  methods.  Finally,  many  computer  simulations!*] 
have  been  implemented  and  the  general  features  of  bunch 
lengthening  with  momentum  growth  have  been  observed. 
At  least  qualitative  agreement  with  experiment  is  found. 
From  the  arguments  in  previous  sections,  some  care  may  be 
necessary  to  model  the  isolated  cavity  with  asymp¬ 
totic  behavior. 

SYNCHROTRON  RADUTION  IMPEDANCE 

For  small  storage  rings  there  may  be  another  impor¬ 
tant  source  of  coherent  interaction  of  the  beam  with  its 
environment  -  the  synchrotron  radiation  proceu.  Syn¬ 
chrotron  radiation  in  bends  and  wigglers  is  suppressed  at 
frequencies  below  a  cutoff  value  many  times  the  TM  mode 
cutoff.  For  a  chamber  consisting  of  two  infinite  parallel 
plates,  for  example,  separated  by  2h,  the  synchrotron  radi¬ 
ation  power  taaes  on  free  space  values  only  for  frequencies 
u  satisfying!^*] 

"  ^  <“) 

where  p  is  the  bending  radius.  If  this  power  loss  is  inter¬ 
preted  as  an  effective  reristance,  in  the  spirit  of  machine 
impedances,  the  peak  value  of 

—  Si  SOO^ohnu  (21) 

H  ll 

where  R  is  the  average  radius  of  the  machine. 

Thken  at  face  value,  this  impedance  could  be  the  lim¬ 
iting  component  for  small  machines.  Consider  a  compact 
synchrotron  light  source  with  p  =  1  meter,  iZ  =  2  meters, 
and  vacuum  chamber  half  height  of  1  centimeter.  Then  a 
maximum  value  of  Z/n  of  1.6  ohms  is  obtained  at  a  fre¬ 
quency  u  =  (2*)50  GHs.  For  short  bunches  where  the 
impedance  from  vacuum  chamber  diKontinuities  is  rolling 
off,  the  synchrotron  impedance  could  be  dominant.  How¬ 
ever,  the  synchrotron-radiation-induced  coherent  interac¬ 
tion  may  be  of  a  different  character.  Wavelengths  are  now 
of  the  order  of  the  transverse  beam  dimensions,  the  interac¬ 
tion  occurs  over  an  extended  region  (bending  magnets  and 
wigglers),  and  synchrobetatron  coupling  is  inherent  in  the 
process.  Much  work  has  been  done  on  the  electromagnetics 
of  synchrotron  radiation,!^  ^’!**]  primarily  in  analysis  of  the 
resonance  structure  of  a  toroidal  beam  pipe.  The  beam  dy¬ 
namics  has  received  only  rudimentary  attention.  With  the 


commissioning  of  small,  clean  compact  synchrotron  light 
sources,  some  experiments  may  be  possible. 

CONCLUSIONS 

There  has  been  much  analytic  progress  in  understand¬ 
ing  the  high  frequency  behavior  of  accelerator  impedance. 
Analysis  of  beam  dynamics  has  been  successful  for  low- 
order  transverse  mode  coupling,  but  there  is  no  cogent 
analysis  of  longitudinal  turbulent  bunch  lengthening.  For 
single-cavity  impedances,  the  interaction  may  be  too  sin¬ 
gular  to  be  well  treated  by  a  small-dimensioned  matrix 
approach,  and  more  global  treatments  may  hold  the  best 
promise  for  prediction.  Computer  simulations  have  been 
exceedingly  successful  in  modeling  linac  beam  dynamics, 
where  both  the  finite  duration  of  beam  propagation  and 
frosen  longitudinal  motion  with  causal  wakes  ease  calcu¬ 
lations.  For  storage  rings,  it  remains  that  the  compute- 
efficient  codes  necessary  for  simulating  many  turns  require 
compromises  in  electromagnetic  modeling  which  limit  quan¬ 
titative  agreement  with  experiment.  Finally,  the  effects  of 
coherent  synchrotron  radiation  on  beam  stability  remains 
an  open  question  that  could  soon  be  addressed  experimen¬ 
tally  in  compact  synchrotron  light  sources. 
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ABSTRACT 

In  low  to  medium  energy  accelerators,  betatron  tune 
jumps  and  vertical  orbit  harmonic  correction  methods  have 
been  used  to  overcome  the  intrinsic  and  imperfection  reso¬ 
nances.  At  high  energy  accelerators,  snakes  are  needed  to 
preserve  polarisation.  We  analyse  the  elTects  of  snake  res¬ 
onances,  snake  imperfections,  and  overlapping  resonances 
on  spin  depolarisation.  We  discuss  also  results  of  recent 
snake  experiments  at  the  lUCF  Cooler  Ring.  The  snake 
can  overcome  various  kinds  of  spin  depolarisation  reso¬ 
nances.  These  experiments  pointed  out  further  that  partial 
snake  can  be  used  to  cure  the  imperfection  resonances  in 
low  to  medium  energy  accelerators. 

1.  Introduction 

The  ability  to  accelerate  of  polarised  protons  to  high 
energies  is  important  for  polarised  proton  collision  experi¬ 
ments.  During  the  acceleration  proeess,  polarised  protons 
encounter  thousands  of  spin  depolarisation  resonances. 
These  resonances  arise  mainly  from  the  the  horisontal 
fields  in  focusing  quadrupoles.  The  horisontal  fields  rotate 
the  spin  away  from  the  vertical  axis.  If  the  kicks  are  corre¬ 
lated  each  turn,  then  the  resonance  condition  arises.  There 
ate  two  types  of  spin  depolarisation  resonances*:  intrinsic 
resonance  at  If  =  hP  d:  t/y  and  imperfection  resonance  at 
If  =  A,  where  A  is  an  integer  and  P  is  the  superperiodieity 
of  the  accelerator.  K  is  the  resonance  tune  obtained  from 
Fourier  analysing  quadrupole  kicks  around  the  accelera¬ 
tor.  The  resonance  width  or  strength,  e,  is  defined  as  the 
corresponding  Fourier  amplitude. 

In  circular  accelerators,  the  spin  vector  precesses  around 
the  vertical  axis  with  a  frequency  of  Cy  per  turn*,  where 
G^=(g*2)/2=1.792846  is  the  anomalous  g-factor  of  the  pro¬ 
ton.  The  spin  tune,  t/,,  of  the  polarised  proton  is  therefore 
V,  =  Gy.  When  the  spin  tune  equals  the  resonance  tune, 
successive  kicks  add  up  coherently  to  give  rise  to  depolar¬ 
isation.  Fig.  1  shows  resonance  strength  as  a  function  of 
the  energy  for  various  accelerators.  Observe  that  the  in¬ 
trinsic  resonance  strength  is  of  the  order  of  |<|  <  0.5  for 
RIIIC  and  |e|  <  5  for  the  SSC. 

We  shall  review  the  effect  of  snake  resonances,  and  the 
effect  of  overlapping  resonances  and  snake  Imperfections. 
The  paper  is  organised  as  follows:  Section  2  discusses  the 
spin  equation  of  motion.  Section  3  deals  with  the  spin 
motion  in  the  presence  of  snakes.  Section  4  reviews  snake 
design.  A  conclusion  is  given  in  Section  5. 

2.  Spin  Equation  of  Motion 

The  spin  equation  of  motion  for  a  moving  particle  in  a 
static  magnetic  field  is  given  by* 

dS  €  •*  -* 

— 5  X  [(1 -f  G7)Bx -t- (1 -f- G)B||].  (2.1) 
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where  Bx  and  B||  are  the  transverse  and  longitudinal 
components  of  the  magnetic  fields  respectively.  G  is  the 
anomalous  gyromagnetic  g-factor  and  7mc*  is  the  energy 
of  the  moving  particle.  Let  us  use  the  coordinate  system 
of  the  reference  orbit,  where  i,  i,  z  are  unit  vectors  cor¬ 
responding  to  radial  outward,  longitudinal,  and  transverse 
vertical  respectively.  Eq.(2.1)  can  then  be  transformed  to,* 

dS/de  =  SxF,  (2.2) 

with  dO  =  di/p,  where  t  is  the  longitudinal  path  length 
and  p  is  the  radius  of  curvature.  The  vector  F  =  Ft*  + 
Tji  +  Fsl,  can  be  expressed  in  term  of  particle  coordinate 
as,  F,  =  -pz"(l  -f  G7),  F,  =  (1  -f  Gy)z>  -  p(l  +  G)(i)', 
Fs  =  -(1  -f  G7).  Defining  a  2-component  spinor,  9,  with 
Si  =<  bio’ll#  >,  Eq.(2.2)  becomes. 


d9/dff  =  -^(G7<r,  -  Fiiri  -  F,(t,)4-  = -^H9  .  (2.3) 
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Fig.l  Compilation  of  intrinsic  and  imperfection  resonance 
strengths  for  accelerators  in  the  world.  Note  the  scaling 
law  of  cint  ~  and  ejmp  ~  7-  The  rms  quadrupole  mis¬ 
alignment  assumed  is  ±0.1  mm.  The  normalized  emittance 
is  lOwpm-rad. 

The  off-diagonal  matrix  element  of  H,  ((ff)  =  Fj  -  iFj, 
characterizes  the  spin  depolarization  kick  by  coupling  the 
up  and  down  components  of  the  spinor  wave  function. 
Given  the  repetitive  nature  of  circular  accelerators,  ((0) 
can  be  Fourier  analyzed  as  ((0)  =  where  the 

Fourier  amplitude,  cy,  is  resonance  strength  and  the  reso¬ 
nance  tune,  Kj ,  is  given  hy  Kj  =  k  ■  P  ±  mvy  for  intrin¬ 
sic  resonances  and  Kj  =  k  for  imperfection  resonances. 
Intrinsic  resonances  arise  from  the  vertical  betatron  mo¬ 
tion  of  particle,  and  imperfection  resonances  arise  from 
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the  vertical  closed  orbit  distortion.  In  a  real  accelerator, 
synchrotron  and  transverse  betatron  motions  may  also  be 
coupled.  The  resonance  condition  becomes  more  generally 
Kj  =  k  •  P  ±  mi/y  ±  nVm  ±  Iviyn,  where  k,  I,  m,  and  n  are 
integers  and  v,yn  is  the  synchrotron  tune. 

For  a  single  resonance,  i.e.  ((0)  =  e  •  the  spinor 
wave  function  for  constant  Gy  can  be  found  easily®,  i.e. 
=  <((?,,<?,)$(<!,)  with 

Here  i{9f,9i)  is  the  spin  transfer  matrix,  whose  compo¬ 
nents  are  given  by,  tii{0f,0i)  =  and 

with  iji  =  -tjj,  tjj  = 
<1,  and  6  =  sin(A(fl/  -  «0/2)  =  (1  -  c  = 

arctanff  tan(A(^/  -0<)/2)],  d  =  arg(€‘),  A  =  (i*  +  |€|’)*/’, 
and  6  =  K  -  Gy,  The  olf-diagonal  matrix  elements  tu,  tn 
are  the  depolarisation  driving  terms,  where  the  parame¬ 
ter  6  oscillates  with  an  amplitude  |e|/A.  When  snakes  are 
insetted  into  accelerator,  the  sine  factor  in  the  parameter 
b  remains  small  until  the  next  snake,  which  rotates  the 
spin  by  180®  around  a  horisontal  axis.  The  depolarisation 
driving  terms  can  thus  be  arranged  to  cancel  each  other. 

3.  Spin  Motion  in  accelerator  with  Snakes 

A  snake  is  a  local  spin  rotator^,  which  rotates  the  parti¬ 
cle  spin  by  r  radians  about  a  horisontal  axis  without  per¬ 
turbing  the  particle  orbits  outside  snake  region.  A  partial 
snake  differs  only  in  the  amount  of  spin  rotation  angle,  e.g. 
a  10%  snake  rotates  spin  by  O.lw  radians.  Thus  a  snake 
is  characterised  by  the  amount  of  spin  rotation  angle, 
and  the  snake  axis  anglci  with  respect  to  i  (radial 
outward  direction). 

The  spinor  wave  function  at  a  snake  will  be  transformed 
locally  according  to 

»(d+)  =:e‘t*''^«(d-)  = 

where  A,  =  (cos^,,siii^,,0)  denotes  the  snake  axis  with 
respect  to  horisontal  outward  direction  £,  and  0  =  ir  is 
spin  rotation  angle.  0^  depicts  asimuthal  orbit  rotation 
angles  just  before  and  after  snake. 

Let  us  assume  that  there  are  snakes  with  snake  axes, 
distributed  in  the  accelerator.  Let 
be  the  asimuthal  orbit  rotation  angle  between  the  i-lh,  and 
(il-l)-th  snakes.  The  distribution  of  snakes  should  satisfy 
the  following  conditions 

AT.  AT. 

^  ^k,k+i  =  ^  ^k,k+i  =  w  ,  (3.1a) 

kssodd  ik=<«cn 

1  1 

J'*  =  -  J^(-l)*<^k  =  i  +  «  J  =  integer  .  (3.16) 

Eq.(3.1a)  ensures  that  spin  tune,  i/,,  is  independent  of  par¬ 
ticle  energy.  Eq.(3.1b)  can  be  used  to  set  the  spin  tune 
to  a  most  favorable  number  in  avoiding  snake  resonances, 
which  will  be  discussed  in  the  following  section.  As  an 
example,  in  an  accelerator  with  two  snakes,  N,  =  2,  the 
snakes  should  be  separated  by  an  orbital  angle  of  t  and 
the  snake  axes  of  these  two  snakes  should  be  orthogonal 


to  each  other  in  order  to  maintain  a  spin  tune  of  1/2.  For 
accelerators  with  a  large  number  of  snakes,  there  are  many 
ways  to  organize  snakes  to  obtain  proper  snake  superperi¬ 
odicity  and  proper  spin  tune. 

Let  us  consider  an  accelerator  with  iV/2  pairs  of  (^3,^1) 
snakes.  The  spin  transfer  matrix  after  passing  through  a 
pair  of  (^3,^1)  snakes  is  given  by, 

r(ffo+y,eo)  =  S(<f>3)t(0o+^^,0o+j)S(,^i)t(0o+^,eo) 

The  components  of  spin  transfer  matrix  are  given  by, 

Tu(^o  +  ^,<>o)  =  -e-*(*>-*>)(l  -  26V*cos§),  (3.2o) 

ri3(^o  +  ^. <>o)  =  cos #.  (3.26) 

with  7^1  =  -Tj,;  7^3  =  Til  where  $  =  K0o+2Kir/N,-h 
d  -  ^1 ,  and  the  parameters,  a,  6,  c,  and  d  are  given  by 
6  =  W  sin  =  (l-o»)‘/®;  A  =  («»  +  H*)‘/®;  6  =  K-Gr, 
c  =  arctan[j[  tan  j^];  and  d  =  arg(e*). 

The  spin  motion  in  accelerator  can  then  be  obtained  it¬ 
eratively  by  using  the  spin  tracking  equation  through  pairs 
of  snakes: 

r(®n+l)  =  '^(®n+li ®n)r(®ii)  i  (2>3) 

where  ffn+i  =  fin  +  4jr/JV,.  Eq.(3.3)  can  be  solved  using  a 
power  series  expansion  in  the  strength  parameter  6*;  i.e. 

=  +  (3.8a) 

Tj,  =  +  tIP  +  T}p  -I- . . . ,  (3.36) 

where  =  0(6**)  and  ijg  =  0(o6**~*).  A  set  of  hierar¬ 
chy  equations  to  solve  Eq.(3.3)  iteratively  can  be  obtained. 
By  solving  the  spin  tracking  equation,  one  can  find  the  spin 
tune  and  snake  resonance  condition.  The  final  polarisation 
is  obtained  from  the  expectation  value  of  0*3  in  spinor  wave 
function  ,i.e. 

<s>=  m,|»-|ri,|*  =  i-2|r,3|» 
where  the  unitarity  condition,  |Tii|*  ■+  |Ti3|*  =  1,  has  been 
used. 

3.1  Snake  resonances 

Without  lose  of  generality,  we  shall  first  discuss  an  ac¬ 
celerator  with  two  snakes  (^3,^1),  located  at  an  orbital 
angle  of  jt  from  each  other.  The  one  turn  niap(OTM)) 
is  given  by 

Tii(»o  +  2ir,0o)  =  -c-"‘'*(l  -  26*e**co8$)  ,  (3.4a) 

nj(^o  +  2x,0o)  =  -2io6e-(‘-*'*+^»)cos#  ,  (3.46) 

where  xi/,  =  ^3  -  0i  and  #  =  K0o  +  Air  +  d  -  ^i  is  the 
characteristic  phase  of  the  orbital  motion.  The  perturbed 
spin  tune,  Q,,  given  by  the  trace  of  OTM,  is  cosirQ,  = 
6*sin(2$)  with  i>,  =  1/2.  The  parameter  6  is  1  when 
l«l  =  •A,/2.  Thus  during  acceleration  through  a  resonance 
with  strength  jcj  w  N,/2,  the  perturbed  spin  tune,  Q,,  will 
range  over  a  whole  integer  unit  and  will  cross  the  intrinsic 
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resonance  comdition  many  times.  Therefore  polarisation 
can  not  be  preserved.  When  the  maximum  of 
equals  the  deviation  of  the  vertical  betatron  tune  from  hidf 
integer,  the  resonance  condition  recurs.  The  maximum 
tolerable  resonance  strength  is  thus  given  by 

< ,,  >=  .  (J.5) 

T 

Eq.(3.5)  indicates  that  the  tolerable  critical  resonance 
strength  will  be  larger  when  the  betatron  tune  is  nearer 
to  an  integer.  Numerical  simulations  agree  well  with  the 
prediction  of  Eq.(3.5).  The  spin  motion  in  the  accelera¬ 
tor  can  then  be  obtained  iteratively  from  the  spin  tracking 
equation,  Eq.(3.3).  To  first  order,  we  obtain  ea^y 

Ui{K  +  u,)  +  -  I/.)}  (3.6) 

where  (nCq)  u  the  enhancement  function  and  is  given  by. 


<n(q)  = 


sin  nqK 
sinqw  ‘ 


At  q  =  tnteper,  we  find  that  Cn(q)  — »  n.  This  means 
that  the  off-diagonal  kicks  add  up  coherently  on  each  turn 
through  snake  pairs.  This  condition  is  indeed  a  nomi¬ 
nal  resonance  condition,  since  the  spin  tune  equals  a  spin 
resonance  position  of  ±K.  However  since  the  betatron 
tunes  of  accelerator  are  not  half  integers,  the  condition 
K  -  integer  will  never  occur.  Avoiding  snake  reso¬ 
nances,  polarisation  will  fall  within  the  envelope  of 
<  S  >s- 1  -  2|ri,|*  =  1  - 

A  few  impo)*ant  observations  can  be  drawn  here: 

1.  =  0  at  an  imperfection  resonance,  K  = 
integer.  This  means  that  imperfection  kicks  cancel  each 
other  every  two  turns  around  the  accelerator.  Thus  snakes 
cure  most  effectively  imperfection  resonances.  At  2nK  = 
integer,  K  ^  1/2,  a  similar  cancellation  of  7]}^(9m)  occurs 
at  m=  2n  turns  around  accelerator. 

2.  The  envelope  function  <  5  >  has  many  nodal  points, 
where  the  depolarisation  driving  term  vanishes,  i.e.  b  = 
0  or  1.  These  nodal  points  corresponds  to  the  spin  inatch- 
ing  condition*'*,  where  Gy  =  K  ±  ^/{integer  •  N,)^  -  le(*. 
Thus  these  nodal  locations  are  separated  approximately  by 
N,  units  of  Gy.  These  nodal  points  play  an  essential  role 
in  spin  restoration  during  the  passage  through  a  depolar¬ 
isation  resonance. 

Based  on  the  linear  response  theory  of  Eq.(3.6),  we  ex¬ 
pect  that  snakes  will  not  work  at  a  betatron  tune  equal  to 
a  half  integer.  Fig.  2  shows  the  polarisation  vs.  the  frac¬ 
tional  part  of  the  vertical  betatron  tune.  A  surprisingly 
many  depolarisation  resonances  appear  at  a  betatron  tune 
of  rational  numbers,  e.g.  1/6,  5/6,  1/10,  3/10,  etc..  To  un¬ 
derstand  these  resonances,  we  have  to  study  the  spin  track¬ 
ing  equation  beyond  linear  order  in  b.  These  higher  order 
snake  resonances  can  also  be  studied  by  solving  spin  hierar¬ 
chy  equations*.  In  general,  the  snake  resonance  condition 
is  given  by,  mi>,+nK  =  integer,  with  m,  n  =  odd  integers. 


Since  the  betatron  tunes  of  colliders,  such  as  RHIC,  SPS, 
Tevatron,  and  SSC,  have  to  avoid  low  order  betatron  res¬ 
onances  for  a  long  term  orbital  stability,  snake  resonances 
do  not  impose  further  constraints  to  the  operational  con¬ 
dition  of  the  colliders.  The  resulting  tolerable  resonance 
strength*  agrees  well  with  the  critical  resonance  strength 
of  Eq.(3.5).  One  can  generalise  the  discussion  to  multi¬ 
snake  accelerators,  in  which  the  snake  resonance  condition 
is  modified  by  the  snake  superperiodicity  P,.  At  higher 
snake  superperiodicities,  there  are  fewer  snake  resonances, 
yet  the  resonance  width  is  increased.  The  basic  physics 
remains  however  unchanged. 

'HB'IPT'n 
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Fig.2  Beam  polarisation  after  passage  through  a  single  spin 
resonance  is  shown  as  a  function  of  the  fractional  part  of 
spin  resonance  tune.  Higher  order  snake  resonances  are 
seen  clearly. 

3.2  Overlapping  Resonances 
The  spin  resonance  tune  and  resonance  strength  are  in¬ 
trinsic  properties  of  the  lattice  design  as  well  as  the  beam 
emittance.  Important  intrinsic  resonances  are  normally 
well  separated  and  can  be  treated  as  isolated  resonances. 
However  intrinsic  and  imperfection  resonances  may  over¬ 
lap.  Section  3.1  showed  that  imperfection  kicks  cancel  each 
other  every  two  turns  around  accelerator.  When  an  intrin¬ 
sic  resonance  is  present,  the  self  cancellation  mechanism  of 
depolarisation  kicks  disappears.  Spin  becomes  susceptible 
to  depolarisation  kicks. 

Fig.  3  shows  tolerable  resonance  strengths  of  overlap¬ 
ping  imperfection  and  intrinsic  resonances.  When  the 
strength  of  an  intrinsic  resonance,  |eint|,  is  very  small,  the 
tolerable  imperfection  resonance  strength,  |e{mpl>  becomes 
very  large  due  to  the  self  cancellation  mechanism  of  Sec¬ 
tion  3.1.  However,  when  le<ntl  is  slightly  increased,  toler¬ 
able  Icimpl  decreases  drastically  until  about  Ifimpl/^  < 
0.3,  where  the  imperfection  resonance  strength  plays  a 
minor  role  in  depolarisation  process.  Tolerable  intrin¬ 
sic  resonance  strength  can  then  be  increased  until  about 
Uintl/^  <  0.4.  The  tolerable  imperfection  strength  will 
be  Icimpl/^  <  0.3.  For  the  SSC  and  RHIC,  we  expect 


I^impl/^  <  0.05  with  0.3  mm  rms  closed  orbit  distortion®. 
Beyond  this  intrinsic  resonance  strength,  the  perturbed 
spin  tune  plays  a  decisive  role  in  determining  the  tolera¬ 
ble  intrinsic  and  imperfection  resonance  strengths  until  the 
critical  resonance  strength,  <  Ce  >,  »  reached.  The  rela¬ 
tionship  between  tolerable  intrinsic  and  imperfection  res¬ 
onances  is  also  valid  for  an  accelerator  with  multi-snakes. 
A  pleateau  for  a  limiting  imperfection  resonance  is  clearly 
seen  on  Fig.  3,  which  indicates  the  sensitivity  of  spin  to 
imperfection  errors  when  an  intrinsic  resonance  is  present 
nearby.  The  sensitivity  is  clearly  due  to  the  disappearence 
of  the  self  cancellation  mechanism.  To  achieve  a  higher  tol¬ 
erance  to  imperfection  resonances,  we  can  set  a  limit  on  the 
tolerable  intrinsic  resonance  strength  as  |e<ne|/^  <  0-4,  or 
N,  >  6|«,„,|. 


Fiy.3  Correlation  between  tolerable  intrinsic  and  imper¬ 
fection  resonance  strengths  for  N,  —  2  and  N,  =  16.  See 
Section  3.2  for  further  discussion. 


3.3  Snake  Imperfections 

When  the  spin  rotation  angle,  <l>,  of  Eq.(3.1)  deviates 
from  JT  by  —  ir  -  <{>,  the  spin  transfer  matrix  of  snake 
becomes, 

>**’^e“*^***'^.  (3.8) 

Thus  the  spin  rotation  angle  error  is  equivalent  to  an  im¬ 
perfection  spin  resonance,  with  The  corre¬ 

sponding  spin  tune  then  becomes  energy  dependent.  To 
leading  order,  we  obtain 

cosKV,  =  cos(2G7Jr/i\f,)sin*(~),  (3.9) 

where  tlie  linear  dependence  of  E(i.(3.9)  on  N,  is  due  to 
the  assumption  that  each  snake  has  an  identical  systematic 


error  in  the  spin  rotation  angle.  In  reality,  the  snake  rota¬ 
tion  angle  may  deviate  from  jt  randomly,  so  the  resulting 
spin  tune  modulation  will  not  increase  linearly  with  the 
number  of  snakes.  Tracking  calculation  shows  that  the 
characteristic  behavior  is  similar  to  that  of  Fig.  3. 

Besides  the  error  in  <j>,  the  snake  axis  angle,  <l>,  may  also 
deviate  from  the  ideal  situation.  The  resulting  spin  tune 
is  agrun  energy  independent  (Eq.(3.1b)).  The  snake  reso¬ 
nance  condition  determines  the  tolerable  snake  axis  angle®. 

3.4  Snake  Experiments 

Recently,  Krisch  et  al.®  have  carried  out  successfully 
a  series  of  experiments  in  the  lUCF  Cooler  Ring  to  test 
snake  concept.  Using  a  single  solenoid  snake,  polarised 
protons  have  been  accelerated  through  imperfection  and 
intrinsic  resonances  without  losing  polarisation  The  ex¬ 
periments  also  discovered  synchrotron  spin  resonance  in 
a  proton  storage  ring.  Synchrotron  spin  resonances  have 
played  important  roles  in  electron  storage  tings,  but  have 
never  before  been  found  in  the  proton  storage  ting.  Snakes 
cure  synchrotron  spin  resonance  as  well.  Along  with  ex¬ 
perimental  tests  with  full  snakes,  the  partial  snake  concept 
of  Roser^  has  also  been  studied  extensively.  Indeed  partial 
snakes  can  be  used  in  low  to  medium  energy  machines  for 
correcting  imperfection  resonances.  An  interesting  ques¬ 
tion  involves  the  evolution  of  spin  tune  when  snake  is  adi- 
abatically  turned  on.  Numerical  tracking  calculations  have 
been  performed  to  study  the  problem.  A  new  series  of  ex¬ 
periments  using  a  solenoid  rf  kicker®  have  been  approved 
at  the  Cooler  Ring  to  study  more  complex  problems,  such 
as  overlapping  resonances,  spin  tune,  etc. 

4.  Snake  Design 

Since  the  invention  of  the  snake  idea  by  Derbenev  and 
Kondratenko,  the  design  of  snake  and/or  spin  rotator  has 
become  an  interesting  task.  There  ere  many  varieties  of 
snake  designs®’®.  For  low  to  medium  energy  accelerators. 
Helical  type  snakes*  seems  to  offer  advantages  in  obtaining 
smaller  transverse  orbit  displacements.  At  higher  energies, 
snake  design  is  flexihile. 

The  essential  feature  of  the  Steffen  snake  is  the  sym¬ 
metric  arrangement  of  vertical  bending  magnets  and  anti¬ 
symmetric  horizontal  bending  magnets.  These  features  can 
be  preserved  in  the  following  modified  snake  configuration 
Sm  =  {-H,  -V,  mH,  2V,  -mH,  -V,  //), 
where  m  =  2  corresponds  to  the  Steffen’s  snake.  The  num¬ 
ber  m  is  determined  by  geometry,  i.e. 

(?n  —  1)  (d  -t-  j(m  —  l)f*  +  fji  -H  fy)  =  +  fy  -k  2  f  j  . 

The  spin  rotation  angle,  (p,  and  snake  axis  angle,  ip,,  are 
given  by 


cos  ~  —  cos^  V'y  4  COS  sin®  rpy 


(4.1) 


-  sin  cos  rj>y 

COS(p,  =  - ' - j=: 

y/cos^  .,,,2  UfL  cos2  Vy 

Note  that  mij'r  and  V'y  are  the  relevant  variables  in  de- 
(cniiining  (p  and  <p,.  For  a  partial  snake,  we  have  (p  <  r. 


(4.2) 
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When  V'«>  small,  one  obtain  then  (ft  k  and 

fa  j  +  Fig.  4  shows  V’y  relationship  of  Eq. 
(4.1)  and  tfi,  vs.  Viy  for  m  =  2.  When  =  0,  or  w,  the 
snake  axis  is  along  the  radial  x  axis.  The  compact  snake 
configuration  saves  about  15%  of  total  length.  Besides,  to¬ 
tal  /  Bdl  and  the  horisontal  orbit  displacement,  !)«,  are 
also  reduced. 

By  a((justing  the  parameter  m,  we  can  obtain  a  proper 
distance  2d  between  two  halves  of  a  snake.  The  orbit  dis¬ 
placements  at  middle  of  two  halves  of  a  snake  can  be  cor¬ 
rected  by  a  orbit  shifter  of  (-V',  V')  at  both  ends  of  a 
snake.  However  when  the  distance  2d  becomes  large,  we 
will  have  msfl.  Obviously,  the  total  length  and  the  radial 
orbital  displacement  of  a  snake  increases  as  well.  Such  a 
split  snake  configuration  is  not  practical  for  an  insertion 
detector  area.  It  can  be  used  in  accelerators  with  two  ad¬ 
jacent  straight  sections  separated  by  a  quadtupole.  Such 
a  snake  configuration  eases  design  criteria  of  low  energy 
(<  30  QeV)  accelerators. 

To  fit  a  collider  interaction  region  (IR)  into  the  space 
between  the  split  snake,  the  snake  configuration  can  be 
modified*  to  obtain  split  snake  with  m  =  2.  The  advan¬ 
tage  of  the  split  snake  configuration  is  that  the  spin  in 
the  mid  section  of  a  snake  will  be  in  the  horisontal  plane. 
Such  a  snake  therefore  serves  a  dual  purpose  of  being  a 
snake  and  a  spin  rotator  for  helicity  state  experiments. 
For  a  spin  up  particle  passing  through  a  half  snake,  the 
spin  orientation  becomes  5.  =  -  sin  mV*a  sin  - 

sin*  sin  2V'y  ;  5i  =  0.  Such  a  scheme  can  save  the  need 
of  four  spin  rotators  in  a  polarised  proton  experiment. 

5.  Conclusion 

The  current  understanding  of  polarised  proton  acceler¬ 
ation  in  the  high  energy  accelerator  has  been  reviewed. 
With  proper  closed  orbit  correction,  the  overlapping  res¬ 
onance  between  the  intrinsic  and  imperfection  resonances 
can  be  controlled.  The  number  of  snakes  needed  is  found 
to  be  proportional  to  the  intrinsic  resonance  strength,  i.e. 
N,  fa  6|c<„(|.  The  snake  imperfection  is  more  important 
with  a  large  number  of  snakes.  We  also  discuss  the  snake 
design  issues.  A  split  snake  configuration  can  serve  as  a 
snake  and  as  a  spin  rotator  for  the  helicity  stale  experi¬ 
ments. 


•  On  leave  of  absence  from  Accelerator  Development  De¬ 
partment,  Brookhaven  National  Laboratory,  Upton,  NY 
11973. 
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ABSTRACT 

In  contrast  to  an  electron  induction  accelerator,  in  which 
the  particle  velocity  is  virtually  constant,  the  resistive  and 
inductive  components  of  accelerating  module  impedances  can 
cause  instability  for  an  intense  non-ielativistic  heavy  ion  beam 
accelerated  in  a  similar  structure.  Since  focusing  requirements 
at  the  fusion  pellet  imply  a  momentum  spread  <3x10*^  at  the 
end  of  the  accelerator,  it  is  essential  to  understand  and  suppress 
this  instability.  There  is  also  an  economic  issue  involved  for 
this  application;  selection  of  parameters  to  control  the 
instability  must  not  unduly  affect  the  efficiency  and  cost  of  the 
accelerator.  This  paper  will  present  the  results  of  analytic  and 
computational  work  on  module  impedances,  growth  rates  and 
feed  back  (forward)  systems. 

1.  INTRODUCTION 

Inertial  Confinement  Fusion  is  based  on  the  concept  of 
creating  a  condition  of  very  high  density  and  temperature  in  a 
fuel  pellet  a  few  millimeters  in  size  for  a  few  nano-seconds. 
The  material  is  not  confined  by  external  forces:  the  finite 
reaction  time  is  due  to  the  inertia  of  the  fuel  as  it  flies  apart. 
For  this  process  to  work,  an  energy  of  several  megtyoules 
must  bo  deposited  in  a  thin  surface  layer  in  a  few  nano- 
seconds-an  instantaneous  power  requirement  of  several  hundred 
terawatts.  The  candidates  for  delivering  the  energy  are  lasers, 
which  can  deliver  the  required  power  but  are  as  yet  deficient  in 
total  energy  and  desired  repetition  rates  of  a  few  per  second,  and 
particle  accelerators,  which  can  deliver  the  required  energy  at  a 
good  repetition  rate  but  as  yet  not  at  the  required  power  level. 
Because  the  stopping  distance  is  set  by  the  required  thickness 
of  the  surface  layer,  the  choices  in  particle  be^  range  from 
millions  of  amperes  of  light  ions  at  several  MeV  kinetic 
energy  to  thousand  of  amperes  of  heavy  ions  at  several  GeV 
kinetic  energy.  At  the  heavy  ion  end  of  the  s'*  tie  the 
candidates  are  a  set  of  R-F  linacs  plus  accumulation  and 
storage  rings  to  reach  the  required  level  of  joules  and  watts,  and 
a  linear  induction  accelerator,  which  is  capable  of  accelerating 
kiloamperes  of  beam  and  would  deliver  the  required  energy  and 
power  in  a  single  shot.  The  subject  of  this  paper  is  a 
longitudinal  instability  which  is  ce.rtain  to  occur  in  an 
induction  linac  and  is  currently  considered  to  be  a  major 
question  as  to  the  feasibility  of  the  induction  linac  option. 


Work  supported  by  the  Office  of  Energy  Research,  Office  of 
Basic  Energy  Sciences,  U.S.  Department  of  Energy.  Contract 
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II.  THE  PROBLEM 


The  instability  in  question  is  a  close  relative  of  the  well- 
known  microwave  instability  in  circular  accelerators  but  with 
distinctive  features  in  this  unfamiliar  parameter  range.  That  it 
should  occur  in  a  linear  accelerator  is  due  to  the  fact  the  ions 
are  non-relativistic  all  the  way  (10  GeV  at  mass  200  -»  SO 
MeVAmcleon  ^  »  0.3)  and  regenerative  bunching  can  occur 
at  an  unpleasant  rate  in  a  kilo-ampere  beam  subjected  to  the 
impedance  of  the  accelerating  modules  themselves. 


Figure  1  shows  a  typical  module  as  presently  conceived. 
The  module  is  energized  through  the  transmission  line  entering 
at  the  upper  left;  the  characteristic  impedance  of  this  line  is 
seen  as  a  resistance  by  the  beam.  Analytic  estimates,  more  or 
less  corroborated  by  model  measurements,  indicate  that  in  the 
frequency  range  of  greatest  concern,  about  five  to  fifty 
megahertz,  the  impedance  is  well  represented  by  a  parallel  R-C 
circuit-the  line  impedance  in  parallel  with  the  capacity  of  the 
narrow  gap  below  the  end  of  the  feed  line.  At  about  lOO  MHz, 
there  are  modes  involving  the  space  above  the  magnetic 
material  to  the  right  of  the  transmission  line  which  can  be 
represented  by  a  parallel  R,L,C  circuit.  Unfortunately,  the  0 
of  this  mode  depends  on  R-F  properties  of  the  magnetic 


Fig.  1.  Typical  set  of  accelerating  modules.  The  voltage  is 
applied  through  the  leads  at  the  top  and  appears  across  an 
insulated  gap  below  the  leads.  The  insulating  material  can  be 
seen  projecting  into  the  space  below  the  magnetic  material. 
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material,  probably  Metglas,  which  are  not  known  at  this  time. 
Finally,  ^ere  are  many  modes  at  much  higher  frequency 
associated  with  the  pill-W  like  region  surrounding  the  beam, 
but  those  are  thought  to  be  unimportant.  In  fact,  PIC 
simulations  indicate  that  even  the  100  MHz  mode  is  only 
marginally  important 

The  low  frequency  impedance  is,  however,  quite  important 
and  here  arises  a  conflict  with  the  over-all  performance  and 
cost.  To  ease  the  instability,  the  line  impedance  should  be  as 
low  as  possible  and  the  gap  capacity  as  high  as  possible  to 
shunt  the  R-F  image  currents  away  from  the  resistance.  These 
desires  are  diametrically  opposed  to  the  demand  for  high 
efficiency  and  low  cost  Maximum  efficiency  requires  that  the 
line  impedance  be  equal  to  the  module  voltage  divided  by  beam 
current  to  minimize  reflected  power.  Also,  the  characteristic 
time  t «  RC  should  be  short  compared  to  the  beam  passage 
time  of  100-500  ns.  in  order  to  establish  the  required  voltage 
without  undue  strain-i.e.,  the  capacity  should  be  low.  As  will 
be  seen  in  the  next  section,  best  performance  and  cost  lead  to  a 
predicted  e-folding  distance  of  about  100  meters  in  an 
accelerator  five  to  ten  kilometers  long.  In  order  to  bring  the 
theoretical  problem  into  a  range  of  control  by  momentum 
spread  (less  than  -3x10''*  because  of  chromatic  effects  in 
focusing  on  the  fuel  pellet)  and/or  feed-forward  (see  later 
section)  we  contemplate  reducing  line  impedance-  by  u  of 
three  (25%  efficiency  loss)  and  increasing  the  RC  time  by  a 
factor  of  three  (cost  unknown). 


Ill.  THEORY 


meters  of  the  low-frequency  equivalent  circuit,  R  is  the 
smoothed  resistance  in  ohms/meter,  x=RC,  and  N  is  the 
number  of  beamlets  simultaneously  accelerated. 

The  second  term  in  (2)  is  the  space  charge  force  per  beamlet 
since  the  beamlets  are  isolated  transversely  by  closely  spaced 
conducting  sheets  inserted  in  the  beam  region  of  Fig.  1.  It  has 
the  effect  of  producing  space  charge  waves  running  forward  and 
backward  along  the  beamlets.  As  the  accelerator  was  first 
conceived,  there  was  to  be  a  single  beam  (N=l)  and  stability 
seemed  to  be  insured  by  the  mechanism  that  backward  moving 
waves  growing  amplitude  would  reflect  from  the  back  end  of  the 
bunch  and  damp  out  as  they  moved  forward.  In  the  present 
concept  there  would  be  a  dozen  or  more  separate  beamlets.  The 
space  charge  force  is  then  negligible  compared  to  the  induced 
module  force  in  the  low  frequency  range  and  will  be  omitted 
hereafter. 

If  time  is  replaced  by  t  -  z/vq,  the  time  after  the  head  of  the 
bunch  passes  a  particular  point  along  the  accelerator,  the 
equations  become: 


voi.§L=i/Sv] 

(!■) 

dz  Vo 

(2') 

at  ^  lo 

(3') 

Instead  of  working  with  the  Vlasov  equation,  it  is  simpler 
to  work  with  the  linearized  fluid  equations  with  zero  pressure 
(no  momentum  spread),  keeping  in  mind  that  the  criterion  for 
stabilization  by  a  momentum  spread  is  the  same  as  for  the 
microwave  unstability  of  a  coasting  beam.  Furthermore,  the 
situation  is  formally  similar  to  the  transverse  beam  break-up 
instability  without  an  external  focusing  force  and  will  be 
analyzed  in  a  similar  fashion.  The  fluid  equations  arc: 

^  i  +  ^  =  0  continuity  equation  (j) 


where  e  and  =  --SlS-  =  .5loB_ 
mvo  mvoC  mvoT 

The  most  likely  way  for  a  perturbation  to  be  launched  is  by 
a  voltage  error  on  a  module  at  (say)  z=0.  The  initial  conditions 
for  the  set  of  equations  are  then: 

§5^0,0  =  f(t'^ 

SL(0.t)  =  0 

lo  (4) 


dv  ,  dv_eE  eg  8  i 
3t  3z  4jteomN  3z '' 


Force  equation  (2) 


^  +  E  =  .JL(i.Io) 

at  ^  ^ 


Circuit  equation 


6(0,0  =  e(„0)  =  0 


Using  a  Laplace  transform  in  z: 

y(k)=f  (^/^^(z)  , 


the  equations  lead  to 


(5) 


where  I  is  current,  v  is  velocity,  and  Iq  and  vq  arc  the 
unperturbed  values.*  C  is  the  capacity,  averaged  in  z,  in  Farad- 


j  df  -ii-  f(t')exp 

.  k^  lL 

lo  dt'  1 

[  k^+K^  " 

(6) 


*  This  analysis  neglects  acceleration;  the  qualitative  features  are 
not  seriously  affected  by  tltis  omission. 
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R  j  *  Equation  (7)  is  not  very  revealing  of  essential  features, 

If  the  initial  velocity  perturbation  is  -  Ae  .the  ^|,jch  can  be  seen  better  by  setting  5(t)  in  equation  (6) 

integral  in  (6)  is  easily  done  and  the  Laplace  transform  can  be  and  using  a  saddle  point  analysis.[l]. 
inverted  analytically  or  by  a  numerical  integration  around  the  The  inversion  integral  becomes: 
poles.  The  analytic  result  is: 


l+i©t 


{ 


y  (Kzr*jn(Kz)  f  t  V 
n«o  n!^ 


where  jn(Kz)  is  the  n^  Oder  spherical  Bessel  function. 

Figure  2  shows  two  examples  of  the  corresponding  ^  as  a 
function  of  Kz  and  t/r.  The  most  violent  growth  occurs  for 
tor  a  ^  but  becomes  relatively  benign  for  higher  frequencies; 
the  cas6,  ooxaS.  is  also  shown  for  comparison. 


e(z.t)=-i^ 

2n\ 


jK. 


k^+K^ 


■exp  kz • 


(8) 


The  method  of  steepest  descents  consists  in  finding  the 
stationar>'  points  of  the  quantity  in  the  exponent  by  setting  its 
derivative  equal  to  zero  and  then  integrating  across  these  saddle 
points  to  approximate  the  contour  integral.  Our  interest, 
however,  is  only  in  the  real  part  of  the  exponential  at  the  saddle 
points;  that  is,  the  real  parts  of  the  solutions  to  the  equation; 


Ji. 

du 


uKz- 


=  Kz — 2u_l=o 


(9) 


The  roots  of  the  quariic  depend  on  the  ratio  — i— ,  A  case  of 

xKz- 


particular  interest  [I]  is  when  >1-  <  — ^Kz.  The  real  part  of  the 

^  3V3 

exponent  is  then  given  by; 


Kzl  u-A  + 


_2uA! 


AVl6it‘(l+it2.2pVu^2] 


(10) 


where  A  =  t/xKz  and  is  defined  by  A  =  l+p.2,  jjjg 

A  3  Kz 

bracket  is  a  maximum  at  ^  *  -pr*  where  (10)  becomes 

4V2  2VI 

That  e-folding  rate  is  the  same  as  the  worst  case  tax  =  ^ 

V3 

shown  in  Fig.  2.  The  point  of  maximum  growth  should  move 
backward  along  the  bunch  at  ;[■  =  roufih  agreement 

with  Fig.  2. 


Numerical  Values 


For  wx  =  -^,  ihe  frequency  is  f  =  — 1 —  =  — 1 — 11, 

2nV3x  2n€  tp  ^ 

where  ^  is  the  pulse  duration.  For  the  desirable  value,  ^  ~  20, 
f  =  4-20  MHz  for  tp  =  500-100  n.s.  and  f  =  1-7  MHz  for  x 
incicased  by  a  factor  of  three.  These  frequencies  are  well  in  the 
range  of  the  R-C  model.  The  growth  rate  is 


Sv  I  K  —  ^  /  eloR  Ip  ... 

Fig.  2.  as  a  function  of  Kz  and  t/x  for  cot  =  3(iop)  and  ^  2^  y  16Wip  ^  ^  kinetic  energy  and  jtp  ~ 

(bottom).  Kz  =  10  corresponds  typically  to  a  distance  of  one  to  iQ  meters,  is  the  bunch  length.  If  the  module  feed  line  is 
three  kilometers.  matched,  eloR  =  1  MeV/meter,  the  intended  acceleration  rate. 
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grows  from  noise  and  in  the  right  hand  plot  is  fed  forward  at  a 
ThenforWsslGeVand^=20,  J^~(100metcrs)''.  IfR  distance  of  100  meters.  Much  remains  to  be  studied  about  this 

2V2  scheme,  but  it  looks  promising, 

is  reduced  by  a  factor  of  three  and  x  increased  by  a  factor  of 


three.  ~  (300  meters)'*. 
2V2 


IV.  CONCLUSION 


FeedFbtward 


Since  the  ions  are  non-relativistic  <  0.3),  the  possibility 
arises  of  observing  some  aspect  of  the  unstable  growth  at  one 
point  along  the  accelerator  and  preparing  a  down  stream  module 
to  apply  a  correction.  Probably  the  easiest  thing  to  observe  is 
the  perturbed  electric  field,  which  would  appear  as  an  error  in 
module  voltage  as  a  function  of  time  during  bunch  passage. 
The  negative  of  this  error  could  be  applied  to  the  bunch  a 
hundred  meters  or  less  down  stream.  To  see  how  this  would 
work,  rq)lace  eqn.  (2')  by; 


|:&^-e(z)-e(z-/)~^^  (2*') 

dz  ''0  dz 

where  /  is  the  feed-forward  distance. 

A  simple  dispersion  analysis  of  (1*),  (2”)  and  (3')  leads  to  a 


damping  factor,  exp  •  ,  which  is  indicative  but 

I  I+(i)V 

misleading  in  that  the  apparent  advantage  of  making  I  large  is 
due  to  the  Taylor  expansion  approximation  in  (2").  Figure  3 
shows  the  results  of  a  simulation  in  which  the  perturbation 


This  instability  can  be  overcome  by  manipulating  R  and  C 
of  the  modules,  but  at  the  price  of  reduced  efficiency  and 
increased  cost.  We  shall  continue  to  look  for  a  compromise  by 
involving  a  feed-forward  system  and  a  tolerable  momentum 
spread.  We  have  to  ~?ly  heavily  on  theoretical  analysis  for  now 
since  there  is  no  possibility  of  realistic  experimental  study 
without  an  accelerator  capable  of  handling  some  hundreds  of 
amperes.  A  {  'up  at  the  University  of  Maryland  is  planning  a 
model  experin  .t  using  low-energy  electrons  [2],  from  which 
we  hope  to  gain  considerable  information. 
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Fig.  3.  Phase  space  plots  with  and  without  feed-forward  correction.  External  impedance  is  assumed  to  be  represented  by 
parallel  R  and  C. 
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Computer  simulation  of  the  coherent  beam-beam  effect  in  the  LHC 


W.  Herr,  CERN-SL  CH-1211  Geneva  23 


Abstract 

For  the  Luge  Hadron  Collider  in  the  LEP  tunnel  (LHC)  a 
non>sero  crossing  angle  is  foreseen  to  avoid  multiple  collisions 
outside  the  interaction  point.  The  two  beams  can  however 
suffer  from  long  range  beam-beam  interactions  during  the  time 
they  ue  in  one  common  vacuum  chamber.  These  long  range 
interactions  can  excite  coherent  beam-beam  modes  and  due 
to  the  finite  sepuation  they  ue  in  general  non-lineu  leading 
to  possible  coherent  resonances  of  higher  order.  A  computer 
simulation  has  been  developped  and  was  used  to  investigate 
this  coherent  beam-beam  effect.  Possible  constraints  on  the 
LHC  puaroeters  ue  investigated  and  discussed. 

1  Introduction 

The  LHC  is  designed  to  reach  very  high  luminosities  above 
10**cm”*s”*  (1)  and  to  achieve  this  a  very  luge  number  of 
closely  spaced  bunches  (4725)  is  foreseen.  Normally,  the  two 
beams  ue  sepuated  into  two  beam  pipes  except  in  the  in¬ 
teraction  regions  where  they  shue  a  vacuum  chamber.  To 
avoid  that  all  those  bunches  collide,  a  crossing  angle  of  200 
if  foreseen.  However,  long  range  beam-beam  effects  can¬ 
not  be  avoided  between  the  incoming  and  outgoing  bunches 
and  it  was  shown  [2]  that  these  long  range  forces  constrain  the 
choice  of  puameters  for  the  crossing  angle  and  the  fi*  func¬ 
tions  at  the  interaction  point.  In  this  paper  the  coherent  effect 
of  long  range  interactions  will  be  examined.  The  excitation 
of  coherent  bunch  oscillations  induced  by  the  beam-beam  ef¬ 
fect  is  well  known  and  studied  extensively  (3,  4]  for  the  case  of 
head-on  collisions  where  the  coherent  motion  is  excited  by  a 
small  transverse  displacement  of  the  colliding  bunches.  For  the 
LHC  these  coherent  oscillations  can  be  excited  by  long  range 
collisions  since  they  ue  dipolu  kicks  and  one  can  expect  the 
excitation  of  coherent  rigid  dipole  oscillations,  i.e.  small  devi¬ 
ations  from  the  nominal  orbit.  Their  stability  is  investigated 
with  a  simulation  program. 

2  LHC  parameters 

Parasitic  long  range  collisions  in  interaction  region 

The  bunch  spacing  of  15  ns  corresponds  to  a  bunch  distance  of 
4.5m  and  for  the  LHC  geometry  one  calculates  a  total  number 
of  19  puasitic  collisions  on  each  side  of  the  collision  point. 
The  actual  kicks  received  from  opposing  bunches  ue  relatively 
small  but  since  their  effect  is  cumulated  over  many  collisions, 
the  total  kick  can  become  very  significant  [2].  Because  a  given 
bunch  "collides”  with  many  other  bunches  in  every  interaction 
region,  a  coupling  of  all  bunches  and  a  luge  number  of  coherent 
modes  can  be  expected.  To  ensure  a  stable  system,  the  motion 
of  all  these  modes  with  different  frequencies  must  be  stable 
independently. 

Beam  separation  in  interaction  region 

The  normalised  emittance  of  the  LHC  beams  is  e  =  3.75  ^m 
(c  =  (t^7/j9)  and  with  a  value  of  0.5  m  this  results  in  a  beam 
size  of  about  15  pm.  The  separation  between  the  two  orbits 
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d(s)  increases  linearly  with  the  distance  from  the  interaction 
point  and  the  normalised  separation  d,tp  =  d(s)/<r(s)  is  con¬ 
stant  between  the  interaction  region  and  the  first  quadrupole 
and  can  be  written  as  d,tp  =  aji'la*  with  a  the  full  cross¬ 
ing  angle  and  fi*  and  <r*,  the  betatron  function  and  beam  size 
at  the  interaction  point  (see  e.g.  [2]).  For  the  nominal  LHC 
parameters  this  gives  a  separation  of  about  6.5  <r  for  all  long 
range  collisions. 

3  Simulation  model 

Phase  space  variables  and  particle  transport 

The  vuiables  used  for  the  simulation  ue  the  transverse  coor¬ 
dinate  and  angle  of  a  bunch  with  respect  to  the  design  orbit 
(x,x’).  The  bunches  are  considered  as  rigid  objects  in  this  sim¬ 
ulation  since  only  the  coherent  dipole  oscillation  is  considered, 
A  complete  simulation  with  more  than  4000  bunches  is  unreal¬ 
istic  since  the  computer  time  required  for  the  simulation  would 
be  too  large.  The  maximum  number  of  bunches  in  the  simu¬ 
lation  wss  256  per  beam.  For  the  particle  transport  a  linear, 
uncoupled  machine  is  assumed.  All  the  interaction  regions  are 
considered  identical  in  the  simulation,  i.e.  same  length  and 
same  ff*.  Details  about  the  simulation  can  be  found  in  [6]. 

Beam-beam  interaction 

For  a  given  bunch  the  distance  from  its  design  orbit  can  be 
written  as  xi,  the  distance  of  the  opposing  bunch  to  its  design 
orbit  as  xj  and  the  distance  of  the  two  design  orbits  is  d(s). 
The  dbtance  between  the  two  bunches  is  then  given  as  6x  = 
*2  —  xj  +  d.  The  beam-beam  interaction  between  the  two 
bunches  is  approximated  by  rigid  dipole  kicks  of  the  form: 

/(r)=i^^(l-e^^) 

where:  r  =  y/x^TT^,  a  is  the  transverse  beam  size  and  {  is 
the  linear  beam-beam  tune  shift. 

The  transverse  kick  5x’  is  computed  as  6x'  =  /(z2  -  + 

d(s))  -  /(d(s)).  The  term  f(d(s))  has  to  be  subtracted  since  it 
is  an  orbit  kick  caused  by  the  beam-beam  interaction  and  has 
to  be  compensated  by  other  means.  In  this  study  we  are  only 
interested  in  oscillations  of  bunches  around  the  orbit. 

The  separation  for  the  nominal  LHC  parameters  is  about 
6.5  a  and  a  linearised  beam-beam  force  as  it  is  usually  used 
to  study  coherent  beam-beam  effects  from  head-on  collisions  is 
not  sufficient  since  it  would  suppress  all  resonances  of  orders 
higher  than  two  and  result  in  too  optimistic  limits  for  the  sta¬ 
bility  (for  details  see  [6]).  In  order  to  make  the  model  realistic 
for  a  smaller  number  of  bunches,  several  parasitic  collisions 
have  been  accumulated  into  a  single  kick  for  the  test  bunch. 
The  phase  advance  between  the  long  range  collisions  on  one 
side  of  the  interaction  region  is  small  and  such  a  cumulation  is 
Justified  but  the  total  effect  is  overestimated  since  the  bunches 
normally  collide  with  different  phases. 

Simulation  sti'ategy 

The  program  has  been  written  for  two  dimensions,  but  the 
stability  was  only  studied  in  the  horizontal  plane  where  the 
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two  beams  cross  at  an  angle.  The  initial  orbit  displacements 
of  all  bunches  were  chosen  as  random  numbers  in  the  range  of 
iO.lff.  The  results  have  been  shown  to  be  not  very  sensitive 
to  the  initial  displacement.  For  the  results  presented  in  the 
next  section  only  the  long  range  forces  are  considered. 

The  program  follows  all  bunches  of  both  beams  and  keeps 
track  of  the  phase  space  variables.  An  unstable  situation  is 
assumed  whenever  a  bunch  exceeds  a  certain  limit  on  the  dis¬ 
placement,  in  most  cases  a  limit  of  twice  the  initial  deviation 
from  the  design  orbit  is  enough  and  the  detection  of  instability 
is  relatively  insensitive  to  the  actual  choice  of  this  value.  For 
this  detection,  the  number  of  turns  tracked  in  each  case  is  in  the 
order  of  250  •  1000,  but  in  some  cases  up  to  16000  turns  have 
been  tracked  to  study  the  possible  dependence  of  the  number 
of  turns  ou  the  onset  of  unstable  motion.  Should  the  motion  re¬ 
main  stable,  i.e.  bound,  then  the  linear  beam-beam  tune  shift 

is  increased  in  small  steps  to  find  the  maximum  value  where 
the  motion  remains  stable.  To  find  stability  diagrams  in  the 
(Q,()*plsne,  the  initial  Q-values  of  the  machine  are  scanned. 

4  Results 

Equally  spaced  interaction  regions 

Although  equally  spaced  interaction  regions  with  a  limited 
number  of  bunches  are  not  a  good  model  for  the  LIIC,  such  a 
scheme  is  treated  for  completeness  and  to  compare  with  the 
results  obtained  for  clustered  interaction  regions  and  many 
bunches. 

Spectrum  and  stability  A  simulation  has  been  per¬ 
formed  to  investigate  the  stability  of  a  scheme  with  four 
bunches  and  equally  spaced  interaction  regions,  in  this  partic¬ 
ular  example  with  4  collision  points,  i.e.  every  second  collision 
is  omitted.  Fig.l  shows  a  Fourier  spectrum  of  a  bunch  where 
the  beam-beam  tune  shift  used  was  {  =  -0.0034,  i.e.  the  nomi¬ 
nal  LHC  tune  shift,  the  separation  was  6.5  o  and  19  long  range 
collisions  were  cumulated  on  each  side  in  every  interaction  re¬ 
gion.  The  horizontal  tune  was  =  71.28.  Three  peaks  in 


Figure  1:  Mode  spectrum  for  four  bunches  and  equally 
spaced  interaction  regions 

the  spectrum  can  be  seen:  the  peak  at  the  lowest  frequency 
corresponds  to  the  so-called  0-mode  without  a  frequency  shift 
where  the  bunches  move  together  and  which  is  always  stable. 
The  mode  where  the  bunches  move  maximally  out  of  phase 
is  the  so-called  x-mode  which  experiences  the  maximum  fre¬ 
quency  suift.  This  mode  can  become  unstable.  Between  the 
0-mode  and  the  x-mode  are  the  multi-bunch  modes  and  in  this 


very  simple  case  of  equally  spaced  and  equal  bunches  these 
modes  are  degenerated  into  a  single  mode.  The  symmetry  of 
the  system  is  the  reason  for  this  degeneracy  and  breaking  the 
symmetry  by  using  two  non  equidistant  interaction  points  or 
different  phase  advances  between  the  interaction  points  the 
other  modes  become  visible  [5].  The  instability  is  usually  pre¬ 
sented  in  the  form  of  a  (Q,{)-diagram  where  for  every  value  of 
the  tune  Q  the  tune  shift  (  is  plotted  where  instability  occurs, 
i.e.  at  values  of  (  for  which  the  x-mode  (or  any  other  mode)  is 
shifted  onto  a  resonance  which  can  be  driven  by  the  force.  The 
stability  diagram  in  the  (Q,{)-plane  is  shown  in  Fig.2.  Two  re- 


Pigure  2;  Stability  diagram  for  four  bunches  and  equally 
spaced  interaction  regions 


gions  are  visible  where  the  bunch  motion  becomes  unstable: 
the  regions  for  tune  values  just  below  the  integer  and  around 
the  third  order  resonance.  The  resonances  at  1/2  and  2/3  are 
suppressed  by  the  symmetry  of  the  system.  The  stability  plot 
for  a  single  interaction  region  would  show  these  resonances. 
For  a  linearised  beam-beam  force  the  third  order  resonance 
disappears.  Non-linear  resonances  of  orders  higher  than  three 
have  not  been  seen  in  the  simulations. 

EVcquency  shift  An  important  quantity  is  the  frequency 
shift  of  the  x-mode  since  it  determines  the  frequency  span  of 
the  coherent  beam-beam  modes.  From  simulations  with  simple 
configurations  it  can  be  shown  that  this  shift  is  only  dependent 
on  the  total  number  of  long  range  collisions,  the  linear  beam- 
beam  tune  shift  (,  the  number  of  interaction  points  and  the 
normalised  separation.  This  frequency  shift  is  independent  of 
the  total  number  of  bunches  as  long  as  the  above  parameters 
are  kept  constant,  i.e.  for  smaller  number  of  bunches  the  long 
range  kicks  are  accumulated  into  a  single  kick.  This  allows 
a  simple  extrapolation  of  the  frequency  span  to  the  nominal 
LHC  parameters. 

Clustered  iiUeractiou  regions 

In  the  SSC  and  the  LHC  the  interaction  points  are  clustered 
(SSC)  or  not  equally  distributed  around  the  ting  (LHC),  i.e. 
with  different  phase  advance.  In  addition,  the  long  range  col¬ 
lisions  are  clustered  around  the  interaction  regions  since  nor¬ 
mally  the  two  beams  are  separated  elsewhere. 

EVequcucy  shift  Assuming  three  identical  interaction 
regions  with  a  phase  advance  of  Q/2,  Q/4  and  Q/4  between 
the  collisions,  a  separation  of  6  5  tr  and  19  long  range  coUisons 
on  both  sides  of  the  collision  point,  a  frequency  shift  of  the  x- 
mode  of  about  1 1  {  is  found,  i.e.  with  the  current  tune  values  of 
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Qx=71.28  and  Qx=70.31  this  results  in  a  shift  to  71.317  of  the 
horizontal  T-mode.  The  coherent  tune  shift  from  the  head-on 
collision  at  the  interaction  point  however  has  a  opposite  sign 
and  partially  compensates  the  long  range  tune  shift.  The  to¬ 
tal  shift  is  therefore  «  7.5  f.  It  can  therefore  be  extrapolated 
that  a  linear  tune  shift  of  more  than  0.0075  is  necessary  to 
get  unstable  motion.  For  a  linearised  beam-beam  force  a  lin¬ 
ear  beam-beam  tune  shift  as  large  as  (=-0.02  would  be  needed 
since  only  first  and  second  order  resonances  would  be  excited. 

Clustered  long  range  interactions  with  many 
bunches  To  investigate  the  effect  of  n^any  long  range  inter¬ 
actions  clustered  around  the  collision  points,  a  larger  number 
of  bunches  has  been  simulated  (up  to  256  per  beam)  and  the 
long  range  coUisons  have  been  localised  around  the  interac¬ 
tion  points.  Because  a  given  bunch  collides  with  many  other 
bunches,  all  bunches  couple  together  and  a  very  large  number 
uf  multi-bunch  beam-beam  modes  car  be  observed.  In  Pig.3 


Figure  3:  Mode  spectrum  for  clustered  long  range  colli¬ 
sions 


the  spectrum  is  shown  for  256  bunches  and  one  interaction 
point  with  eight  clustered  long  range  collisons.  A  large  num¬ 
ber  of  beam-beam  modes  can  be  seen  between  the  0-mode  and 
the  sr-mode.  For  the  limit  of  a  very  large  number  of  bunches 
the  spectrum  will  become  a  continuum  of  modes  and  the  en¬ 
tire  tune  region  up  to  the  x-mode  is  potentially  unstable  if  a 
low  order  resonance  is  in  this  region.  The  stability  diag:<tm 
for  the  above  conditions  is  shown  in  Fig.4.  The  resonances  of 


Figure  4:  Stability  diagram  for  clustered  long  range  colli¬ 
sions 


orders  one,  two  and  three  are  clearly  visible.  No  resonances  are 


suppressed  since  the  symmetry  is  broken.  The  widths  of  the 
individual  resonances  are  decreasing  very  fast  with  the  num¬ 
ber  of  parasitic  collisions:  the  long  range  collisions  all  occur  at 
different  phases  between  the  bunches  and  a  decoherence  effect 
is  observed.  For  larger  number  of  collisions  (  >  6)  the  linear 
beam-beam  tune  shift  in  the  input  has  to  be  adjusted  with 
a  precision  of  »  10~^  to  get  unstable  motion.  The  limit  of 
instability  in  Fig.4  had  to  be  carefully  searched  since  with  a 
too  coarse  scan  of  (  the  instability  could  be  missed  and  only 
the  first  and  second  order  resonance  would  be  seen.  A  scan 
with  the  required  granularity  in  (  would  not  be  feasible  since 
the  computer  time  required  would  be  enormous.  A  method 
was  therefore  implemented  in  the  simulation  program  to  find 
the  stability  limit  for  the  required  resonance  by  adjusting  the 
x-mode  on  to  the  required  frequency.  Higher  order  resonances 
were  also  studied  using  this  method,  but  have  not  been  identi¬ 
fied,  at  least  not  with  the  number  of  turns  studied  (up  to  16000 
turns).  With  the  nominal  LHC  parameters,  i.e.  almost  40  long 
range  kicks  per  interaction  region,  a  strong  decoherence  can  be 
expected  and  the  excitation  of  resonances  with  orders  higher 
than  two  will  be  weak  or  non-existing. 

Dependence  on  separation  The  separation  deter¬ 
mines  not  only  the  total  frequency  shift  of  the  x-mode  and 
therefore  the  frequency  span  of  the  beam-beam  modes,  but 
also  the  non-linearity  of  the  beam-beam  potential.  For  the 
working  point  of  Qh  =  71.28  a  separation  of  more  than  5  a 
is  necessary  in  order  to  remain  stable  [6].  For  the  nominal 
separation  of  6.5  a  the  motion  is  stable  for  (  <  0.0075. 

5  Conclusion 

The  coherent  dipole  oscillations  induced  by  long  range  beam- 
beam  interactions  for  the  LHC  have  been  investigated  and  the 
results  can  be  summarised  as  follows: 

•  Coherent  dipole  oscillations  can  be  excited  by  long  range 
collisions. 

•  The  separation  of  several  sigma  causes  the  excitation  of 
non-linear  coherent  resonances  of  low  (3rd)  order. 

•  Clustered  interaction  regions  increase  the  number  of 
beam-beam  modes  which  can  potentially  become  unstable 
The  frequency  space  between  the  0-mode  and  the  x-mode 
should  be  free  from  low  order  resonances. 

•  For  the  LHC  parameters  a  linear  tune  shift  of  (  =  0.0075 
per  interaction  is  necessary  for  unstable  motion. 

•  However,  strong  decohetence  from  long  range  collisions  and 
other  damping  mechanisms  will  make  it  unlikely  that  the 
coherent  beam-beam  effect  is  a  limitation  for  the  LHC 
with  the  current  working  point. 
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Abstract 

We  present  the  results  of  a  new  beam-beam  simulation 
program  that  allows  for  a  self-consistent  calculation  of  the 
electromagnetic  fields  of  the  beams  by  treating  general 
(non-Gaussian)  beam-distributions.  We  find  that  a  new 
class  of  coherent  instabilities,  appearing  at  certain  operat¬ 
ing  points,  dominate  the  dynamics. 

I.  INTRODUCTION 

One  of  the  factors  limiting  the  performance  of  e'^e~  stor¬ 
age  ring  colliders  is  the  beam-beam  interaction.  There 
has  been  much  speculation  on  the  role  of  coherent  (or 
collective)  beam-beam  effects  as  a  mechanism  for  limit¬ 
ing  the  tune-shift,  but  no  consensus  has  been  reached  on 
this  i8sue{l].  Centroid  (or  dipole)  motion,  where  the  cen¬ 
troids  of  the  two  beams  oscillate  relative  to  each  other,  is 
routinely  observed  in  operating  storage  rings,  but  there  is 
no  evidence  that  it  affects  luminosity.  Centroid  motion  is 
easily  detected  and  could  be  removed  with  feedback. 

The  potential  for  performance  limitations  comes  from  ef¬ 
fects  that  distort  the  beam  shape.  Such  effects  have  been 
analyzed  with  two  different  types  of  models.  In  the  first, 
of  Furman  ei  a/.[2]  and  of  Hirata[3],  nonlinear  maps  for 
the  colliding  beam  system  are  developed  in  the  moments. 
In  earlier  work  Hirata  uses  a  nonlinear  beam-beam  kick 
calculated  from  a  Gaussian  beam,  which  is  not  consistent 
with  the  assumption  that  the  beams  remain  Gaussian.  He 
finds  flip-flop  solutions,  wher?  both  beams  maintain  un¬ 
equal  sizes.  Later  attempts  at  including  higlier  moments 
were  in  substantial  agreement  with  the  Gaussian  calcula¬ 
tion.  Furman  et  ai  maintain  self-consistency  at  the  cost 
of  a  simplified,  linear  model  of  the  beam-beam  force.  They 
find  that  equal-size  higher-period  solutions  coexist,  and  are 
responsible  for  performance  limitations. 

In  the  second  type  of  model,  of  Chao  and  Rutli[4]  and  of 
Dikansky  and  Pestrikov[5],  the  phase  space  distributions  of 
the  two  beams  influence  each  other  and  modes  develop  in 
phase  space.  The  stability  of  these  modes  is  analyzed  with 
the  linearized  Vlasov  equation,  assuming  small  perturba¬ 
tions  from  equilibrium.  While  these  calculations  indicate 
the  potential  importance  of  coherent  beam-beam  effects, 
there  are  open  questions  about  the  approximations  used 
U.S.  Government  work  not  protected  by  U.S.  Copyright 


in  the  calculations,  Landau  and  radiation  damping,  and 
the  relative  importance  compared  to  other  effects. 

Strong-strong  computer  simulations  are  an  important 
tool  in  the  study  of  the  coherent  beam-beam  interaction. 
In  the  usual  ‘  Gaussian  simulations’  the  positions  and  rms 
sizes  of  the  beams  are  first  calculated  from  the  coordinates 
of  the  test-particles  just  before  the  collision.  They  are 
then  used  in  an  expression  for  the  beam-beam  force  that 
assumes  the  particle  distribution  to  be  Gaussian[6].  Unfor¬ 
tunately,  this  procedure  does  not  allow  for  a  self-consistent 
calculation  of  the  fields;  it  restricts  the  fields  directly  and 
the  distributions  implicitly. 

The  simulation  program  discussed  in  this  paper  calcu¬ 
lates  the  fields  from  the  coordinates  of  the  test-particles, 
and  does  not  impose  any  restrictions  on  the  beam- 
distributions  or  the  beam-profiles.  We  find  new  coherent 
instabilities  that,  at  certain  operating  points,  dominate  the 
dynamics. 

11.  FIELD  CALCULATION 

We  worked  with  beams  that  were  nominally  round,  i.e. 
the  /?*’s  and  nominal  emittances  were  equal  in  the  two 
transverse  dimensions.  The  beams  were  not  restricted  to 
remain  rou”  j[7],  but  the  field  calculation  is  most  efficient 
when  the  transverse  sizes  are  comparable. 

The  electromagnetic  fields  of  a  bunch  are  calculated  by 
Lorentz  transforming  to  its  rest  frame  and  then  solving 
Poisson’s  equation.  Test  particles  are  cest  onto  a  circu- 
leur  mesh  with  radial  step  size  A)-  and  azimuthal  bin  size 
A^.  The  array  that  results,  N(r,(f)),  must  be  smoothed, 
otherwise  the  simulation  results  are  affected  by  statisti¬ 
cal  fluctuations  due  to  the  finite  number  of  test  particles. 
The  average  charge  is  treated  first.  It  is  smoothed  by 
least-squares  fitting  using  Forsythe’s  method[8],  and  the 
radial  electric  field  it  produces  is  calculated  using  Gauss’ 
Law.  The  azimuthal  variation  of  .V(r,(j))  is  treated  by 
Fourier  analysing  .Y(r,  0)  and  checking  each  Fourier  coeffi¬ 
cient  for  consistency  with  zero.  Statistically  significant  co¬ 
efficients  are  fitted  and  smoothed  with  Forsythe’s  method, 
and  the  Green’s  function  for  Poisson’s  equation  in  polar 
coordinates[9]  is  used  to  calculate  the  potential  and  the 
electric  field. 
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Figure  1:  Onset  and  offset  for  the  various  coherent  res¬ 
onances,  as  a  function  of  Qf  At  the  nominal  tune  of  the 
resonance  it  is  assumed  that  the  resonance  *  tube’  vanishes. 
The  lines  are  drawn  by  interpolating  from  the  calculated 
data  points  down  to  the  zero-{o  point. 

This  algorithm  was  checked  for  sensitivity  to  the  details 
of  the  mesh  -  the  sizes  of  Ar  and  Atp  -  and  was  found  to 
be  insensitive  to  them.  On  the  other  hand,  the  number 
of  test  particles  and  the  smoothing  provided  by  the  least 
squares  fitting  were  important.  Without  smoothing,  sta¬ 
tistical  fluctuations  dominated  for  any  reasonable  number 
of  test  particles.  With  smoothing,  results  were  found  to 
be  insensitive  to  the  number  of  test  particles  when  that 
number  exceeded  5,000;  in  this  work  we  used  10,000  test 
particles. 

III.  SIMULATION  RESULTS 

Our  results  show  that  the  coherent  behaviour  is  sensitive 
to  the  radiation  damping.  In  this  work  we  concentrated  on 
low-order  resonances,  up  to  sixth  order,  and  on  damping 
decrements  of  ^  =  1  x  10"^  and  6  =  1  x  lO”"*,  correspond¬ 
ing  to  betatron  damping  times  of  2,000  and  20, 000  turns, 
respectively.  Synchrotron  motion  was  not  included,  and 
the  beams  were  forced  to  collide  head-on  by  a  ‘  feedback’ 
system  that  set  the  centroids  of  the  beams  to  zero  after 
each  turn.  The  horizontal  and  vertical  tunes  were  kept 
equal  (=  Qi,  say),  and  Qj  was  restricted  to  the  region 
0.5  <  Qi  <  1.0.  Results  are  presented  only  for  the  *- 
dimension;  the  j/-dimension  behaved  analogously. 

A  Tune-Shift  Scans 

Figure  1  presents  the  results  of  scans  over  the  nominal 
tune-shift  ^o,  performed  at  different  tunes,  in  order  to  de¬ 
termine  the  tune-shift  region  over  which  coherent  motion 
broke  out.  The  data-points  in  the  figure  correspond  the 
lowest  and  highest  fo’s  at  which  coherent  motion  was  seen, 
at  that  particular  tune. 

For  the  fourth-order  (|)  resonance  there  seems  to  be  no 
upper  limit  to  the  coherent  motion,  at  least  to  the  max- 


Figure  2:  Horizontal  beam-size  variation  over  20  turns. 
Qh  =  0.79,  (o  =  0.08. 

imum  {o  of  0.14  investigated.  A  study  of  the  beam-size 
variation  indicates  that  the  behaviour  is  period-2  and  anti¬ 
correlated  between  the  two  beams;  i.e.  when  one  beam  is 
tightly  focussed,  the  other  is  blown-up.  This  is  consistent 
with  the  results  of  Furman  et  al.[2]  which  show  a  strong 
fourth-order  resonance.  This  is  not  a  new  feature  of  these 
simulations;  the  same  behaviour  is  seen  even  in  Gaussian 
simulations. 

Two  sixth-order  resonances,  the  |  and  the  |,  were  iden¬ 
tified  and  traced  out  in  tune.  In  contrast  to  the  |  reso¬ 
nance,  they  were  found  to  have  a  finite  width  in  ^o.  This  is 
consistent  with  the  predictions  of  the  second  class  of  mod¬ 
els  discussed  above[4, 5).  The  oscillations  in  the  beam-sizes 
were  found  to  be  period-3  and  anti-correlated  (Fig.  2). 

Just  below  Qi  =  0.667  both  third  (|)  and  sixth(|)  order 
resonances  could  play  a  role  in  the  dynamics.  On  the  other 
hand  below  Q*  =  0.833  only  the  sixth  order  (|)  resonance 
is  possible.  However,  the  similarity  of  the  coherent  dynam¬ 
ics  in  these  two  regions  (Fig.  1)  suggests  that  the  third- 
order  resonance  does  not  contribute  below  Qi,  =  0.667. 
More  generally  one  may  surmise  that  odd  order  coherent 
resonances  do  not  occur  at  all.  This  agrees  with  the  predic¬ 
tions  of  the  second  class  of  models[4,  5],  and  is  significant 
from  the  practical  point  of  view. 

B  Gaussian  vs  General  Simulations 

To  show  that  the  sixth-order  resonances  are  a  new  fea¬ 
ture  of  these  simulations,  we  performed  a  set  of  comparison 
runs  with  a  Gaussian  simulation.  For  the  |  resonance,  at  a 
tune  of  Qi  =  0.80,  the  region  over  which  coherent  motion 
was  seen  was  scanned  using  a  Gaussian  simulation. 

The  results  are  presented  in  Fig.  3  in  terms  of  the  beam- 
size  and  its  variation  as  a  function  of  for  both,  the 
general  and  the  Gaussian  simulations.  For  the  former, 
with  10,000  test  particles,  the  statistical  fluctuation  in  the 
beam-size  is  less  than  a  micron.  For  the  latter,  with  1, 000 
particles,  it  is  just  over  a  micron.  Larger  size-variations 
are  indicative  of  coherent  motion. 
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Figure  3:  Horizontal  beam^size  as  a  function  of  at  Qi,  = 
0.80,  for  three  different  cases. 


FVom  the  figure  one  sees  that  for  the  sixth-order  reso¬ 
nance  coherent  oscillations  are  present  only  in  the  more 
general  simulation;  they  are  absent  in  the  Gaussian  simu¬ 
lation. 


IV.  DISCUSSION 

The  last  observation  above  suggests  that  it  is  critical  to 
use  general  field  calculations  in  the  study  of  nonlinear  co¬ 
herent  resonances.  The  reason  is  that  this  allows  for  a  se//- 
constsfenf  calculation  of  the  electromagnetic  fields  from  the 
positions  of  the  test  particles.  It  results  in  higher-order 
fixed-point  coherent  motion. 

It  should  be  noted  that  centroid  motion  has  been  re¬ 
moved  in  these  simulations,  allowing  us  to  concentrate  on 
quadrupolar  coherent  oscillations.  This  is  also  reasonable 
from  the  experimental  point  of  view,  because  such  motion 
could  be  removed  using  feedback  systems.  If  it  is  allowed 
to  remain,  we  find  that  the  beam-size  variations  persist, 
although  they  are  reduced  in  magnitude.  There  is  now  a 
large  degree  of  centroid  motion  between  the  beams.  Thus 
both  centroid  and  shape  oscillations  take  place,  and  the 
situation  is  complex. 

As  mentioned  earlier,  the  coherent  behaviour  is  sensi¬ 
tive  to  the  damping  decrement  6.  With  lesser  damping 
the  width  of  the  resonance  becomes  considerably  larger,  as 
can  be  seen  from  Fig.  3.  Further,  this  could  potentially  re¬ 
sult  in  higher-order  resonances  entering  the  picture;  some 
preliminary  results  with  ^  =  1  x  10"‘*  indicate  that  this 
is  indeed  the  case.  Thus,  in  machines  with  low  radiation 
damping  these  coherent  coherent  resonances  could  play  an 
important  role. 

It  should  be  emphasized  that  the  signature  of  these  co¬ 
herent  resonances  is  a  swift,  turn-io-turn,  variation  in  the 
beam-sizes.  Since  existing  detectors  are  not  sensitive  to 
such  rapid  variations,  these  resonances  could  not,  hitherto, 
have  been  detected. 


V.  FUTURE  WORK  AND  CONCLUSIONS 

Much  work  remains  to  be  done,  and  is  in  progress.  Reso¬ 
nance  structure  with  lower  damping  is  being  investigated. 
The  impact  of  removing  feedback  has  to  be  studied.  Sen¬ 
sitivity  to  initial  conditions,  consequences  of  asymmetric 
parameters  between  the  two  beams,  and  methods  of  han¬ 
dling  flat  beams;  aJl  these  avenues  can  be  explored. 

We  conclude  by  observing  that  a  self-consistent  calcu¬ 
lation  of  the  electromagnetic  fields  is  essential  in  a  study 
of  the  coherent  beam-beam  interaction.  It  leads  to  a  new 
class  of  higher-period  coherent  instabilities  that  dominate 
the  dynamics  at  certain  operating  points. 
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Abstract 

There  is  a  strong  interest  in  the  installation  of  devices  that 
will  generate  circularly  polarized  radiation  in  ELETTRA. 
However,  the  impact  of  such  undulators  on  beam  dynamics 
has  been  found  to  be  more  serious  with  respect  to 
conventional  planar  devices,  since  further  strong  non- 
linearities  are  introduced  in  both  horizontal  and  vertical  planes. 
An  investigation  of  the  consequences  of  these  effects  on  beam 
dynamics  has  been  carried  out  for  different  types  of  devices. 
Various  pratical  means  to  compensate  their  effects,  including 
local  optics  modifications,  are  attempted. 

1.  INTRODUCTION 

ELETTRA[1],  under  construction  at  Trieste  (Italy),  is  a 
l.S-2.0  GeV  third  generation  light  source  which  at  full 
qieration  will  accomodate  up  to  1 1  insertion  devices.  Recently 
there  has  been  also  an  increasing  interest  in  the  installation  of 
a  circularly  polarized  light  source.  However,  previous 
studies[2]  on  the  dynamic  apertures  in  presence  of  helical 
insertion  devices  have  shown  an  unacceptable  reduction  in  the 
maximum  stable  amplitudes  due  to  the  additional  non- 
linearities  which  these  structures  introduce  in  both  the 
horizontal  and  the  vertical  planes  with  respect  to  the  usual 
plane  devices.  In  fact,  the  transverse  and  longitudinal 
components  of  the  magnetic  field  in  a  general  helical  structure 
may  be  written  as  [3]: 

Bi  =  Bc^  sh(kxx)sh(kyy)cos(kz)  +  Bo  ch(kiix)ch(kyy)sin(kz) 
ky 

By  =  Bo  ch(k»x)ch(kyy)cos(kz)  +  sh(k*x)sh(kyy)sin(kz)  (1) 

Bi  =  -BtfiL  ch(k»x)sh(kyy)sin(kz)  +  B^  sh(kiix)ch(kyy)cos(kz) 
ky  k, 

where  kx,  ky,  k^',  ky'  must  satisfy  the  two  divergence 
conditions  kx^+ky^ssk^  and  kx'^+ky'^sk^  with  k=27tAo. 
being  the  insertion  device  period  length.  Thus,  the  field  may 
be  looked  upon  as  the  superposition  of  the  field  B  generated 
by  a  conventional  horizontal  plane  device,  whose  non- 
linearities  in  the  transverse  planes  scale  as  (l/pk)2(kx)"'(ky)" 
[4],  and  of  a  field  B*  generated  by  a  vertical  plane  device, 
which  will  introduce  additional  linear  and  non-linear  forces 
scaling  as  (l/p'k)2(kx')"(ky')'"  [12,3],  with  p  and  p'  the 
bending  radii  in  the  fields  Bq  and  Bq'  and  with  m,  n  =  0, 2,... 
Considering  the  exchanging  roles  that  ky  and  kx'  play  in  the 
two  fields  and  the  fact  that  usually  for  a  plane  horizontal 
device  by  construction  ky  =  k,  all  the  non-linearities  which 
were  present  in  the  vertical  plane  for  the  latter  are  now  also 
present  in  the  horizontal  plane,  whose  maximum  stable 
amplitude  for  ELETTRA  will  mostly  suffer  because  of  the 


larger  beta  value  of  8.2  m  at  the  device  location  against  2.6  m 
for  the  vertical  one. 

A  further  cause  for  the  strong  reduction  in  the  horizontal 
plane  may  be  searched  also  in  the  fact  that,  whereas  for  the 
plane  device  described  by  the  B  field  a  particle  injected  with 
zero  vertical  amplitude  will  always  remain  in  the  horizontal 
plane,  the  B*  field  generates  a  finite  vertical  amplitude.  The 
lifting  of  the  particle  off  the  horizontal  plane  will  eventually 
in  addition  activate  non-linearities  coming  from  the  strong 
sexbipoles  and  from  the  B  field. 

Thus,  it  is  important  to  be  able  to  minimize  the 
difficulties  that  a  circularly  light  source  may  cause  to  machine 
operation,  by  a  scanning  through  the  design  parameters  of 
different  proposaIs[S],  which  include  a  crossed  unduIator[6],  a 
crossed  scheme[7],  an  asymmetric  wiggler[8]  and  an  elliptical 
wiggler[9],  whose  most  significant  dynamic  apertures  are 
presented  in  the  following  section.  An  optimal  dynamic 
tenure,  which  garantees  a  sufficient  safety  margin  for  the 
dynamic  aperture  requirements  for  Touschek  and  beam-gas 
scattering  and  for  the  injection  process[10],  has  been  found  for 
the  elliptical  multipole  wiggler. 

In  the  last  section,  an  enlargcning  of  the  maximum 
horizontal  stable  amplitude  is  attempted  by  lowering  the  beta 
value  at  the  device  location.  Such  a  modification  is  found  to 
be  quite  helpful,  especially  when  no  sextupoles  are  included. 
However,  the  inclusion  of  the  latter  presents  a  whole  series  of 
problems  typically  encountered  when  designing  a  lattice. 

n.  DYNAMIC  APERTURES 

In  order  to  define  the  design  parameters  of  the  helical  device 
whose  dynamic  aperture  would  garantee  some  safety  margin 
for  the  aperture  requirements  and  to  understand  the  influence  of 
the  parameters  on  the  dynamics,  investigations  on  the  dynamic 
behaviour  of  several  possibilities  have  been  carried  out.  In  all 
the  computations,  the  original  tunes  have  been  re-installed  by 
a  global  compensation,  leaving  a  residual  beta  beat  whose 
maximum  was  found  to  be  less  than  3%  for  all  cases.  After 
doing  the  chromaticity  correction,  four  particles  with  different 
initial  conditions  were  tracked  over  2S0  turns  with  the 
computer  code  RACETRACK  [1 1,12]. 

Since  the  non-linearities  introduced  by  B'  scale  as  l/p'2, 
investigations  on  the  influence  of  the  value  for  Bo'  were  done 
for  a  crossed  undulator[6]  whose  parameters  at  2  GeV  were 
taken  to  be  Bq  =  0.35  T,  Xq  =  0.06  m  and  Np  =  75.  Lowering 
Bo'  from  0.35  T  to  0.15  T  brought  an  improvement  up  to  21 
mm  in  the  horizontal  and  16  mm  in  the  vertical  maximum 
stable  amplitudes  against  the  original  values  of  about  10  mm. 

A  second  series  of  investigations  were  made  for  the  crossed 
scheme[7],  in  which  the  light  is  generated  by  placing  in  the 
same  straight  section  a  horizontal  plane  device  U1  with  a  field 
B  followed  by  a  vertical  plane  device  U2  generating  a  field  B'. 
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The  two  devices  were  chosen  to  have  at  2  GeV  the  same 
maximum  on  axis  fields  of  0.39  T,  X©  =  0.066  m  and  Np  = 
24.  The  transverse  propagation  constants  of  U1  were 
maintained  constant  with  ky  s  k,  introducing  non-linearities  in 
the  vertical  plane.  The  ones  for  U2  were  instead  varied  in  such 
a  way  as  to  realize  linearly  a  horizontally  defocussing  device 
with  kx'  =  i  123  m'^  a  horizontal  drift  with  kx'  =  0,  an 
equally  focussing  device  in  both  planes  with  kx'  =  ky'  and  a 
vertical  drift  with  kx' »  k.  As  shown  in  the  resulting  dynamic 
iqtertures  in  figure  1,  there  is  a  strong  reduction  in  both  planes 
for  the  case  in  which  U2  is  horizontally  defocussing,  since  the 
ratio  of  the  transverse  and  longitudinal  propagation  constants 
is  large.  All  the  other  cases  present  different  reductions  due  to 
the  intrinsic  non-linearities  of  the  two  devices  and  due  to  the 
coupling  effects  of  U2.  They  may  be  explained  by  considering 
the  following  equations  of  motion  for  U2; 

x" » -  —1—  (k?x-i-l^x4^*  xy^)  -  (k?xy-*-^xy^  + 

2pV  6  2  p’  6 

+  -i-lLx^y)  +  y  k  (x+^^x^+?^xy^)  (2) 

6  p'  6  2 


ft  0  n  1 


2pV'''  6'  2  '  p-  2'  2 

+  !ELy4^x^+!5Li^x V) -  X  k (x+H^x^+l^-xy^ 

24  24  4  '  p  6  2 


For  kx'  a  0,  U2  introduces  practically  the  same  non-linear 
terms  in  the  vertical  plane  as  Ul.  The  two  combined  together 
may  explain  the  large  reduction  in  the  maximum  vertical 
amplitude  and  because  of  the  lifting  of  particles  off  the 
horizontal  plane  by  U2,  they  contribute  with  the  sextupoles  to 
the  reduction  of  the  horizontal  one.  For  the  case  kx'  k,  the 
above  terms  do  not  exist  in  U2,  leading  to  an  enlargement  of 
the  maximum  vertical  amplitude.  However,  analogous  terms 
exist  in  the  horizontal  equations,  whose  maximum  amplitude 
will  suffer  mostly.  The  b<»t  compromise  seems  to  be  the  case 
in  which  kx'  =  ky',  where  even  though  the  equations  of 
motion  are  the  most  complex,  the  suengths  of  the  non- 
linearities  are  smaller  with  re^)ect  to  the  previous  cases.  Of 
course  the  whole  mechanism  of  the  dynamics  is  much  more 
complex,  depending  on  the  system  and  on  the  combined  effects 
of  the  sextupoles  and  the  device. 


♦  Ooly  Sell 
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Figure  1.  Dynamic  aperture  for  the  crossed  scheme  varying  the 
design  parameters  of  U2 
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Figure  2.  Dynamic  aperture  for  the  elliptical  multipole 
wiggler 

Investigations  have  been  also  carried  out  for  an 
asymmetric  wiggler[8],  which  is  a  horizontal  plane  device 
whose  vertical  and  longitudinal  field  components  may  be 
written  as  a  sum  of  harmonics.  The  dynamic  aperture  for  the 
device  chosen  to  have  at  l.S  GeV  an  equivalent  linear  effect 
corresponding  to  a  maximum  on  axis  field  of  0.3S  T,  X©  s 
0.24  m  and  Np  =  20  showed  no  significant  reduction  with 
respect  to  the  one  with  sextupoles  alone.  In  fact,  this  device 
presents  a  small  value  of  k,  important  for  small  non- 
linearities,  it  produces  a  small  linear  distorsion  and  most 
important  of  all  it  is  a  plane  horizontal  device  with  no  B' 
field. 

From  the  above  results,  it  has  become  quite  evident  that 
the  required  device  must  be  searched  for  in  the  class  of  helical 
structures  which  present  low  values  for  all  the  propagation 
constants,  a  small  value  for  B©'  and  an  adequate  value  for  B©. 
While  the  first  two  conditions  contribute  in  containing  the 
non-linear  and  coupling  effects,  the  third  must  assure  a  small 
linear  distorsion  around  the  ring  in  order  to  not  excite 
additional  resonances  due  to  the  optical  symmetry  break.  The 
device  was  chosen  to  be  an  elliptical  multipole  wiggler[9,13] 
with  B©  -  0.33  T,  B©'  s  0.0S4  T,  X©  s  0.2  m  and  Np  -  20  at 
l.S  GeV.  Since  this  device  allows  the  switching  of  the 
polarization  of  the  light  by  inverting  only  the  B'  field,  the 
matching  to  the  original  tunes  has  been  done  only  for  B. 
Various  sets  of  transverse  propagation  constants  have  been 
scanned  in  order  to  find  an  optimal  dynamic  aperture  and  the 
two  most  significant  corresponding  to  kx  =  <  29  m'^  kx'  = 
34.8  m'*  and  k*  =  0,  kx'  =  k  are  reproduced  in  figure  2.  In 
order  to  give  an  idea  to  what  extent  the  presence  of  B’  may 
limit  the  horizontal  aperture,  the  dynamic  aperture  produced  by 
the  device  when  the  above  field  is  zero  in  the  case  kx  =  0  is 
shown.  Since  the  non-coupling  non-linearities  inuoduced  by 
B*  are  effectively  small,  it  is  reasonable  to  deduce  that  the 
small  coupling  ones  combined  with  the  sextupoles  and  the  B 
field  is  the  main  cause  of  the  reduction.  Since  the  elliptical 
device  with  kx  =  0  seems  to  garantee  some  safety  margin  for 
the  fulfilment  of  all  the  necessary  aperture  requirements,  this 
device  may  be  the  most  suitable  as  a  circularly  polarized  light 
source  for  ELETTRA. 
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ffl.  OPTICS  MODIFICATIONS 

Since  ELETTRA  presents  a  large  horizontal  beta  value  of 
8.2  m  against  2.6  m  of  the  vertical,  in  this  section  an  attempt 
of  containing  the  non-linear  effects  in  the  horizontal  plane  by 
lowering  the  horizontal  beta  is  presented.  However,  since  this 
operation  accomplished  at  only  one  straight  section  renders  the 
sextupole  optimization  difficult,  the  optics  have  been  modified 
in  such  a  way  as  to  pass  from  a  12-fold  symmetry  to  a  6-fold 
one.  Each  superperiod  is  composed  of  two  of  the  original 
ones,  in  which  there  is  a  high  beta  straight  section  followed 
by  a  low  beta  one,  as  shown  up  to  the  symmetry  point  in 
figure  3.  In  order  to  localize  as  much  as  possible  the 
modifications,  the  optical  functions  before  the  quadrupole 
triplet  in  the  low  beta  section  have  been  fixed  to  the  original 
values.  By  the  introduction  of  an  additional  quadrupole  family, 
the  betas  were  simultaneously  lowered  and  the  alfas  set  to  zero 
at  the  symmetry  point  The  quadrupole  triplet  in  the  high  beta 
section  was  then  used  to  globally  re-adjust  the  fractional  parts 
of  the  tunes  to  ^propriate  values.  While  the  horizontal  beta  is 
reduced  to  1.60  m  in  the  low  beta  section  leading  to  an 
increase  in  the  tune  of  unity,  the  vertical  one  remained  almost 
the  same.  Associated  with  this  change,  a  sextupole 
optimization  was  carried  out  and  the  best  configuration  was 
found  to  be  just  the  original  harmonic  sextupoles  powered 
differently  in  the  two  sections.  However,  a  reduction  of  about 
30%  in  the  horizontal  dynamic  aperture  with  respect  to  the 
original  lattice  occurs,  due  to  the  increase  in  the  number  of 
harmonics  influencing  the  motion  noticed  in  the  analysis  in 
single  resonance  approximation[14]. 

In  order  to  see  the  effectiveness  of  lowering  the  horizont^ 
beta  value,  the  crossed  undulator  of  the  previous  section  with 
Bo' «  0.3S  T  was  introduced  without  sextupoles  in  the  ring. 
The  maximum  horizontal  stable  amplitude  was  found  to  be  60 
mm  against  20  mm  in  the  original  lattice.  Subsequent 
trackings  with  sextupoles  showed  a  large  sensitivity  to  the 
location  of  the  working  point,  due  to  the  combined  effect  of 
the  device  and  of  the  deterioration  of  the  sextupole  distribution 
compared  to  the  former.  The  best  dynamic  aperture,  shown  in 
figure  4,  was  found  by  shifting  slightly  the  vertical  tune. 

On  this  occasion,  also  a  new  proposed  tracking  routine  for 
plane  horizontal  devices! IS]  has  bera  extended  to  non-planar 
devices. 


Figure  4.  Comparison  of  the  dynamic  apertures  for  the  crossed 
undulator  in  the  original  lattice  and  in  the  modified  one. 


IV.  CONCLUSIONS 

The  presence  of  a  helical  insertion  device  in  ELETTRA 
may  deteriorate  critically  the  dynamic  aperture,  due  to  the 
introduction  of  additional  non-linearities  in  both  planes.  Thus, 
the  request  from  the  users  of  having  a  circularly  polarized  light 
source  has  required  the  necessity  of  finding  a  device  which 
fulfills  all  the  aperture  requirements.  After  investigating  the 
beam  performance  for  various  possibilities,  an  elliptical 
multipole  wiggler  has  been  found  to  be  the  most  suitable. 
Furthermore,  the  lowering  of  the  horizontal  beta  to  suppress 
the  non-linearities  in  this  plane  has  shown  to  be  useful  for  the 
crossed  undulator,  even  when  the  presence  of  sextupoles  may 
hinder  the  effectiveness  because  of  the  optical  symmetry  break. 
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ABSTRACT 

Recent  obseivations  ate  consistent  with  the  possibil¬ 
ity  of  an  “e-p”  instability  in  the  PSR,  with  both  bunched 
and  unbunched  beam.  This  instability  requites  stable  trap¬ 
ping  of  electrons  within  the  space  charge  potential  of  the 
protons  and  such  trapping  is  not  expected  with  bunched 
beam  at  PSR  parameters.  However,  it  is  shown  that  elec¬ 
tron  trapping  can  occur  if  some  of  the  beam  leaks  into  the 
interbunch  gap.  Such  leakage  is  obseivationally  associated 
with  the  instability.  Also  it  is  shown  that  the  leakage  is 
consistent  with  the  expected  longitudinal  dynamics  within 
the  PSR.  Implications  for  improving  PSR  stability  are  dis¬ 
cussed. 


INTRODUCTION 

Recent  observations!^!  support  the  hypothesis  that  the 
fast  transverse  instability  observed  in  the  PSR!^!  is  an 
electron-proton  (e-p)  instability,  in  which  stray  electrons 
ate  trapped  within  the  space-charge  of  the  circulating  pro¬ 
tons  and  unstable  coupled  transverse  oscillations  of  the 
trapped  electrons  and  protons  develop.  The  instability  re¬ 
quires  a  source  of  free  electrons,  stable  trapping  of  electrons 
within  the  proton  beam,  and  the  exponential  development 
of  coherent  coupled  oscillations. 

The  oscillations  can  be  described  using  a  simpliiled 
linearised  model!’!'!*!'!*!  in  which  the  proton  beam  and 
trapped  electrons  have  uniform  density  within  an  ellipti¬ 
cal  cross  section  (a  x  b).  Longitudinal  variation  is  also 
ignored  and  the  proton  and  election  densities  are: 

<*> 

where  N  is  the  total  number  of  protons,  L  is  the  bunch 
length  (=  2rR  for  unbunched  beam),  and  rjt  is  the  neutral¬ 
isation  factor.  The  equations  of  coupled  vertical  motions 
ate; 


it  +  =  Ql^^ip 


where 


4Jyr,c*(l  -  fit) 
b{a  +  b)L  ’ 


iTjtNTpC* 

6(o  +  b)'/L 


(2) 


are  the  electromagnetic  oscillation  frequencies  of  the  elec¬ 
trons  and  protons  and  Q  is  the  PSR  vertical  tune.  The 


equations  describe  dipole-mode  oscillations  coupled  by  the 
centers  of  charge  yp,  yt.  Assuming  harmonic  motion  ob¬ 
tains  the  dispersion  relation: 

{Ql-x*){Q^  +  Ql-{n-x)^)  =  QlQl  (3) 

where  n  is  the  spatial  harmonic  of  proton  oscillation  and 
2  =  w/n  is  the  oscillation  frequency  in  units  of  revolution 
frequency  (D  =  Vp/R),  At  PSR  parameters,  we  obtain 
Q,  ns  40(«  100  MHs).  The  relation  can  have  complex 
solutions  (instability)  with  x  ns  Qg  ns  n  -  Q;  thus  the  un¬ 
stable  oscillations  occur  at  lower  betatron  sidebands  neat 
100  MHs.  Growth  rates  (from  Im  xD)  of  the  sidebands  can 
be  quite  fast;  Im  xO  ns  0.1  -  0.01  is  readily  obtained. 
The  instability  requites  a  minimal  value  of  Qp(Qp  >  0.1 
or  rf,  >  0.01),  implying  a  relatively  small  neutrsdisation 
is  required.  The  PSR  unstable  oscillation  frequencies  and 
growth  rates,  and  their  dependences  on  beam  sise  and  den¬ 
sity  are  in  general  agreement  with  the  e-p  model. 

CONDITIONS  FOR  ELECTRON  TRAPPING 
IN  THE  PSR 

A  key  diiference  between  the  PSR  and  the  simpliAed 
model  is  that  the  beam  density  in  the  PSR  varies  longitu¬ 
dinally  by  large  factors,  particularly  with  bunched  beam. 
Stable  trapping  must  be  maintained  with  these  variations. 
The  trapping  potential  in  the  high  intensity  PSR  beam  is 
quite  strong,  and  elections  should  remain  trapped  within 
a  continuous  (debunched)  beam.  However,  with  bunched 
beam,  a  beam  free  inteibunch  non-trapping  gap  of  100  ns 
(25  m)  passes  through  the  elections  every  PSR  turn  (360 
ns).  In  that  gap,  even  low-energy  elections  will  be  de- 
tiapped,  hitting  the  walls  with  high  probability.  (10-100 
eV  electrons  travel  20-60  cm.) 

The  detiapping  conditions  can  be  quantified  by  repre¬ 
senting  the  beam  passage  as  a  focussing  transport  section 
and  the  gap  as  a  drift.  The  full  transport  is  a  product 
matrix: 

ill  [  cos(*,i2)  isin(*ei2)l 

.0  1  J  L-Ase  sin(fceL2)  COs(feei2)  . 

where  kg  =  QgjR  and  L2  and  L\  are  the  bunch  and  gap 
lengths.  For  stable  trapping  the  magnitude  of  the  trace  of 
M  must  be  <  2.  At  PSR  parameters  the  beam  strongly 
overfocusses  the  electrons  {Qg  >  1),  and  the  total  trans¬ 
port  is  almost  always  unstable.  Equation  4  assumes  a  con¬ 
stant  beam  density;  the  density  within  the  bunch  can  be 
modified  to  more  realistic  forms  (t.e.,  parabolic)  and  the 
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transport  recalculated  (see  reference  [6]).  At  PSR  param¬ 
eters,  the  same  pattern  of  general  instability  is  obtained, 
provided  that  the  gap  (Li)  is  beam-free.  Therefore  e-p  in¬ 
stability  should  not  occur  in  the  PSR  with  bunched  beam 
if  a  beam-free  gap  is  maintained. 

A  different  pattern  is  obtained  if  the  gap  does  not 
remain  beam-free,  but  significant  amounts  of  beam  leak 
into  the  gap.  For  that  case  we  can  approximate  the  beam 
density  as  a  sum  of  a  continuous  sinusoidal  distribution 
plus  a  constant  background  e,  similar  to  profiles  observed 
in  the  PSR  at  onset  of  instability  (!): 

At  PSR  parameters,  stability  conditions  (Abs  (Tr  M)  < 
2)  are  obtained  for  almost  all  conditions  (see  Figure  1), 
provided  e  >  0.  The  overall  stability  situation  is  facilitated 
by  the  relatively  large  distance  scale  in  the  PSR  bunch;  the 
transitions  from  high  to  low  density  beam  are  “adiabatic”. 


Figure  1.  Tr[M)  («)  for  N  =  2.25  x  10'’.  Stability 
(electron  trapping)  is  obtained  for  almost  all  e  >  0. 

The  calculations  demonstrate  that  electron  trapping, 
and  hence  e-p  instability,  can  occur  if  the  interbunch  gap 
has  filled  in  with  low-density  beam.  Observationally,  in¬ 
stability  can  occur  if  the  gap  has  indeed  filled  in,  to  some 
extent,  and  does  not  occur  if  the  gap  is  maintained. 


CONDITIONS  FOR  BUNCH  LEAKAGE 

Observations  in  the  PSR  show  leakage  of  beam  from 
the  confining  rf  bucket  when  instability  occurs.  The  criti¬ 
cal  question  is  whether  such  leakage  may  occur  within  the 
expected  longitudinal  dynamics,  and  in  this  section  results 
of  simulation  explorations  of  this  dynamics  are  reported. 

The  domini^nt  lohgitudinal  forces  u§  expected  to  be 
due  to  the  r/  buncher  and  longitudinal  space  charge.  The 
PSR  Km  a  low-frequency  first-harmonic  (2.8MH3r„  h=l) 
rf  Siystem  with  relatively  low  voltage  (7,/  «  10A7)L  As  a 
hi|h-intensity  machine  at  relatively  low  energy  (800  MeV), 
tt  also  has  strong  space  charge  forces.  In  a  simple  1-D 
model  the  longitudinal  space  charge  debunching  force  is: 


fz  =  - 


eg  dX 
7*4ireo  dz 


(6) 


where  A  is  the  beam  line  density,  7  =  E/mpC^,  and  g  = 
1  +  2ln{r/b)  with  b  and  r  the  beam  and  pipe  radii.  With 
these  forces  the  equations  of  longitudinal  motion  are: 


d(j)  _  2'KhTf  AE 

dH  ~  ^2  W 


^  (^)  =  -  sin(h^.)) 


egR  d\{z) 
27*  €0^  dz 


(8) 

The  phase  ^  and  relative  energy  {AE/E)  have  been  chosen 
as  dependent  variables  and  turn  number  (n)  is  the  inde¬ 
pendent  variable,  q  =  (I/7’  -  l/7r)  is  the  frequency  slip 
factor.  In  the  PSR  the  rf  harmonic  h  =  1,  and  »  0 
(no  acceleration). 

In  addition,  beam  particles  have  energy  losses  of  ~  500 
eV  per  turn,  with  energy  spread,  from  passing  through 
the  stripping  foil.  Energy  losses  from  impedance  couplings 
may  also  occur.  Transverse  variations  and  transverse- 
longitudinal  couplings  may  also  be  important.  However, 
these  effects  were  ignored  in  initial  simulations. 

Injection  into  the  PSR  is  not  phase-space  matched. 
The  revolution  period  is  360  ns.  The  ii\jected  (200  MHs) 
beam  is  chopped  into  micropulses  within  that  period  cen¬ 
tered  about  0  with  a  width  of  ~  250  ns,  so  that  no  beam 
is  injected  near  the  unstable  phase;  the  interbunch  gap  is 
initially  beam-free.  The  beam  is  ii\jected  with  small  en¬ 
ergy  spread,  but  over  the  iigection  time  the  beam  rotates 
to  fill  most  of  the  rf  bucket,  with  substantial  variations  in 
bunch  shape  and  densities.  Iiyection  continues  for  ~  360 
to  720  /IS  (2000  turns). 

In  the  simulations,  the  entire  beam  (>  10'’  protons)  is 
represented  by  ~  6000  macroparticles.  The  time  step  used 
is  one  turn;  an  rf  kick  plus  single-turn  transport  represents 
the  single-particle  dynamics.  The  space  charge  is  propor¬ 
tional  to  dX/dz.  A,  the  density,  is  found  by  splitting  the  cir¬ 
cumference  into  64  or  128  bins  and  finding  the  macroparti¬ 
cle  density  within  the  bins.  The  derivative  dX/dz  is  found 
from  the  difference  (Aj+i  -  Ai_i)  of  the  density  of  adjacent 
bins.  The  method  has  inaccuracies  from  the  coarseness  of 
the  binning  and  from  the  macroparticle  statistics  and  the 
simplified  1-D  force  representations.  The  iigection  pro¬ 
cedure  is  simulated  by  adding  more  macroparticles  over 
the  injection  time,  with  new  particles  injected  randomly 
in  phase  within  the  injection  width  and  randomly  within 
a  small  energy  spread.  A  typical  run  would  include  1200 
turns  of  injection  followed  by  1000  turns  of  storage.  Beam 
leakage  is  observed  by  particle  motion  outside  the  confin¬ 
ing  bucket  and  into  the  interbunch  gap.  The  simulations 
were  performed  on  an  IBM  PC,  which  provides  instanta¬ 
neous  turn-around  and  immediate  color  graphics  display 
of  the  motion. 


Results  for  a  typical  case  are  shown  in  Figures  2A- 
2D.  The  tracking  clearly  shows  beam  leakage  into  the  gap. 
Initial  injection  places  beam  in  a  square  wave  pulse  with 
small  AE/E  (Figure  2A).  After  ^  synchrotron  oscillation 
(600  turns),  the  rf  bunch  rotation  has  introduced  a  large 
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AE/E  and  a  large  beam  density  concentration  near  the 
center,  with  large  space  charge  forces  (Figure  2B).  The 
space  charge  force  pushes  the  beam  at  the  edges  of  the 
bunch  outside  the  bucket  (Figure  2C),  some  beam  spreads 
into  the  gap  (2D). 


Injected  intensity  can  be  varied  to  find  a  leakage 
threshold.  For  iV  >  3.0  x  10^^  large  leakage  occurs,  while 
for  iV  <  1.5  X  10^’  no  leakage  occurs  and  intermediate 
values  show  small  bunch  leakage.  Reducing  rf  voltage  re¬ 
duces  the  leakage  threshold;  at  =  6AsV  the  threshold 
is  reduced  to  1.0  -  1.5  x  10'*. 

In  bunched  beam  simulations,  leakage  does  not  occur 
until  after  ~  ^  synchrotron  oscillation  (1200  turns  at  1^/  = 
lOkF),  which  allows  time  for  the  space  charge  force  to 
develop.  With  unbunched  beam,  simple  drift  fills  the  gap 
and  this  requires  much  less  time.  The  same  bunched-beam 
time  delay  is  seen  in  PSR  instability  observations. 

The  simulation  conditions  for  bunch  leakage  are  in 
good  agreement  with  observed  PSR  conditions  for  insta¬ 
bility.  The  combination  of  rf  bunching  (weak),  longitudi¬ 
nal  space  charge  (large),  and  iigection  mismatch  (large)  is 
sufficient  to  explain  the  existence  of  bunch  leakage  at  high 
intensities  in  the  PSR. 

The  calculations  show  that  e-p  instability  should  not 
occur  unless  beam  leaks  into  the  interbunch  gap,  and  that 
such  leakage  can  occur  within  the  PSR  longitudinal  mo¬ 
tion.  Manipulation  of  PSR  parameters  iivjec- 

tion  width)  to  minimise  leakage  has  improved  stability  and 
permitted  higher  intensities  in  PSR  operations,  and  fur¬ 
ther  optimisations  (t.e.,  with  larger  or  a  multiharmonic 
“barrier-bucket”  system)  are  possible. 

We  thank  E.  Colton,  R.  Macek,  H.  Schoenauer, 
H.  Thiessen,  T.  S.  Wang,  and  P.  Channell  for  helpful  dis¬ 
cussions. 
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Figure  2A-D  Simulation  of  bunch  leakage  in  the  PSR. 
(i\r  =  4  X  10'»,  g  =  4,  lOfcy) 
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Abstract 


Theory 


The  Landau  damping  of  the  transverse  oscillations  of  a  rel- 
ativeistic  bunch  can  be  enhanced  by  creating  an  amplitude- 
dependent  betatron  tune  spread  in  the  bunch.  This  tune 
spread  can  be  created  by  introducing  octupole  magnets 
into  the  lattice.  In  order  to  further  our  understanding  of 
this  mechanism  we  have  conducted  experiments  in  CESR 
where  the  tune  spread  of  the  beam  has  been  measured  via 
measurements  of  the  damping  of  the  centroid  motion  of  the 
beam  after  the  beam  has  been  kicked.  The  turn-by-turn 
transient  response  of  the  transverse  motion  to  excitation 
by  injection  kickers  is  measured  as  a  function  of  octupole 
current  and  excitation  amplitude.  The  experimental  data 
is  shown  to  be  in  good  agreement  with  particle  tracking 
results  and  the  theory  of  octupole  induced  decoherence. 


Introduction 

Unusual  transverse  impedance  effects  have  been  observed 
in  the  Cornell  storage  ring  CESR  for  some  time  [1,21.  As 
part  of  an  ongoing  effort  to  understand  these  effects  we 
have  undertaken  a  study  of  the  betatron  tune  spread  of 
the  bunch  due  to  an  octupole  component  in  the  accelerator 
lattice.  An  intra-bunch  tune  spread  can  enhance  Landau 
damping  and  thus  help  prevent  or  delay  the  onset  of  insta¬ 
bilities.  The  ability  to  directly  measure  this  tune  spread 
is  therefore  an  important  aspect  in  our  understanding  of 
beam  instabilities. 

The  octupole  induced  tune  spread  can  be  measured 
by  observing  the  transient  response  of  the  centroid  of  a 
kicked  beam.  The  tune  spread  damps  the  centroid  motion 
through  the  dephasing  of  the  individual  particles  of  the 
bunch.  If  the  beam  has  a  gaussian  distribution  then  ana¬ 
lytic  formulas  can  be  used  to  relate  the  decoherence  to  the 
octupole  moment.  In  order  to  verify  the  analytic  calcula¬ 
tions,  particle  tracking  was  done  using  TEAPOT  [5]  The 
CESR  lattice,  including  the  octupoles,  was  tracked  using  a 
single  particle  at  various  amplitudes  so  that  the  amplitude 
dependence  of  the  tune  could  be  determined. 
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The  theory  of  the  decoherence  of  a  kicked  beam  has  been 
developed  by  Meller  et  al.  [3].  For  the  analysis  the  ampli¬ 
tude  dependent  tune  1^(0* )  is  assumed  to  be  of  the  form 

t/(o*)  =  j/o  - ,  (1) 

where  i/q  is  the  frequency  at  zero  oscillation  amplitude,  and 
a*  is  the  amplitude  of  oscillation  normalized  to  the  hori¬ 
zontal  betatron  beam  size  If  one  assumes 

that  the  transverse  distribution  of  the  beam  is  Gaussian 
then  the  motion  of  the  centroid  of  the  beam 


(z)  =  sin((^) 


(2) 


after  it  has  been  kicked  can  be  calculated  analytically.  The 
centroid  amplitude  a,  and  phase  ^  is  given  by 


a*  = 


1  +  0^ 


exp 


<f>  =  2‘iri/oN  - 


2  1  +  0^ 
0^ 


2  1  +  0^ 


-  2tan~*  9 . 


(3) 

(4) 


where  Z  =  ^xAx'/<Txp  is  the  normalized  kick  amplitude, 
N  is  the  turn  number  and  9  is  given  by 


0  =  AnfxN  . 


(5) 


Considering  only  octupoles  and  sextupoles  the  equation 
for  the  tune  shift  coefficient  /r,  up  to  .second  order,  is  given 
by  [4] 

^  X)  0l,i  +  ^  XI  ■  (6) 

1  jk 

( cos<j>jksm<j)o  cos</iji  cos20jfcsin</io 

C  i  i  "  "I*  '  '  I  —  ■  I  ^ 

[  1  —  cos  <l>o  2(cos  200  —  cos  0o) 

sin  4>jk  sin  20ji..  sin  20o  | 
2(cos20o  —  cos  0o)  ) 

where  t*  is  the  emitlance,  0o  =  27rr'u,  0^*  is  the  phase 
advance  between  the  j**‘  and  t'*’  sextupoles,  and  i?2  and 
B3  are  the  strengths  of  the  sextupole  and  octupole  magnets 
respectively  with  the  kick  Ax'  due  to  a  magnet  being  given 
by 

Ax'  =  i?„.x"*  (7) 
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Experiment 

The  experimental  data  used  in  this  report  was  obtained 
using  a  single  bunch  of  positrons  with  a  bunch  current 
of  1/4  mA.  In  order  to  ensure  that  impedance  effects 
(e.g.  head-tail  damping)  were  negligible  the  centroid  mo¬ 
tion  with  1/4  mA  positrons  was  compared  to  the  centroid 
motion  using  1/8  mA  of  positrons.  No  significant  dif¬ 
ferences  were  detected.  Data  obtained  using  1/2  mA  of 
positrons  showed  deviations  from  the  low  current  data  at 
times  greater  than  ~2000  turns. 

Superimposed  upon  the  octupole  induced  decoherence  is 
the  periodic  decoherence/recoherence  of  the  centroid  mo¬ 
tion  due  to  chromaticity  of  the  ring  and  energy  spread 
of  the  beam  [3].  For  typical  CESR  energy  spread,  chro¬ 
maticity  and  synchrotron  tune  (~0.05)  this  effect  can  be 
ignored. 

Measurements  were  made  by  kicking  the  beam  horizon¬ 
tally  with  a  single-turn  injection  kicker  and  recording  the 
turn-by-turn  coherent  transverse  motion  with  a  LeCroy 
Transient  Digitizer.  Transverse  beam  motion  was  detected 
by  a  set  of  capacitive  beam  buttons  configured  to  be  sen¬ 
sitive  to  horizontal  motion.  The  beam  signal  pulses  were 
processed  using  a  standard  diode  pulse  stretcher. 

It  was  found  both  from  experimental  observation  and 
from  particle  tracking  that  for  a  typical  sextupole  distribu¬ 
tion  the  centroid  decoherence  was  independent  of  sextupole 
strength.  The  data  was  thus  analyzed  using  only  the  first 
term  in  Eq.  (6).  The  transient  response  for  three  kick  am¬ 
plitudes  over  the  full  range  of  the  octupole  magnet  strength 
was  measured  using  three  equally  powered  octupoles  in 
the  CESR  ring.  Care  was  taken  to  insure  that  the  beam 
was  centered  in  each  of  the  octupole  magnets  to  avoid 
steering  the  beam  while  changing  the  octupole  strengths. 
Magnetic  measurements  of  the  octupoles  gave  a  value  of 
Ba  =  2.62/m^/lOOO  current  units  for  each  octupole.  The 
average  value  of  the  fuction  at  each  octupole  was  25 
nj.  The  absolute  displacement  of  the  bunch  centroid  was 
calibrated  by  simultaneously  varying  the  beam  energy  and 
measuring  the  displacement  at  the  pickup  buttons. 


Figur.^  1:  Decoherence  parameter  n  vs.  octupole  Current 
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Figure  2:  Centroid  dependence  on  kick  amplitude, 

a)  loci  =  -1000  current  units,  Z  =  0.75, 

b)  hct  =  -1000  current  units,  Z  =  2.2 

Results 

The  functional  form  of  the  centroid  motion  given  in 
Eqs.  (3)  and  (4)  was  fit  to  the  measured  response  using 
the  first  1000  turns  of  data.  Values  for  the  kick  amplitude 
and  n  were  obtained  from  the  fit.  Since  the  fit  period  was 
short  compared  to  the  radiation  decay  time  of  '-11,000 
turns  the  effect  of  radiation  damping  upon  the  fit  could  be 
ignored. 

Figure  1  shows  the  dependence  of  the  decoherence  pa¬ 
rameter  ft  as  a.  function  of  octupole  current.  The  experi¬ 
mental  data  points  were  obtained  using  the  observed  de¬ 
coherence  and  Eqs.  (3)  and  (4).  The  fitting  procedure 
gives  the  least  accurate  results  for  very  small  values  of  ft. 
Higher  order  effects  may  be  responsible  for  the  decoher¬ 
ence  at  this  level.  The  dashed  line  in  the  figure  shows  the 
expected  values  of  ft  based  upon  Eq.  (6)  and  the  measured 
dependence  of  Ba  upon  octupole  current.  The  results  of 
particle  tracking,  where  the  amplitude  dependence  of  the 
tune  was  fitted  to  Eq.  (1),  gave  identical  results  to  the  cal¬ 
culated  values.  In  both  the  calculation  and  the  simulation 
the  calculated  value  used  for  the  horizontal  emittance  was 
fx  =  2.04  X  10"^m-rad.  We  interpret  the  offset  between 
the  points  and  the  line  as  due  to  a  ‘natural’  octupole  mo¬ 
ment  of  the  ring.  This  residual  tune  shift  coefficient  /iq  is 
probably  due  to  imperfections  of  the  magnets  of  the  ring 
and  for  this  experiment  had  a  value  of  /iq  =  -0.6  x  10"'*. 

Example  decoherence  curves  are  shown  in  figures  2  and 
3.  Figure  2  shows  the  effect  of  changing  the  kick  amplitude. 
In  figure  2a  the  measured  tune  shift  coefficient  and  kick 
amplitude  are  ft  =  1.02  x  10""*  and  Z  =  0.75  respectively. 
In  figure  2b  the  kick  amplitude  has  been  increased  to  Z  = 
2.2  The  increase  in  the  kick  amplitude  between  the  two 
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Abstract 

The  complete  description  of  the  polarization  of  a  beam  of 
radiation  is  described  in  terms  cf  the  total  energy  and  three 
polarization  rates.  The  polarization  characteristics  from  conven¬ 
tional  undulators  and  wigglers  is  recalled.  A  presentation  is 
made  of  some  new  Insertion  Devices  that  were  proposed  and/or 
built  to  generate  circular  polarization  and  more  generally  to 
improve  the  control  of  polarization.  They  are  the  asymmetric 
and  elliptical  wigglers  and  the  helical  and  crossed  undulators. 

I.  INTRODUCTION 

The  ptdarization  of  the  synchrotron  radiation  is  essentially 
linear  vrith  electric  field  in  the  horizontal  plane  of  the  electron 
or  position  orbital  motion.  Ihe  availability  of  free  straight  sec¬ 
tions  on  existing  storage  rings  and  the  construction  of  new  syn¬ 
chrotron  sources  that  will  accommodate  a  large  lumber  of 
Inaertion  Devices  (ID)  has  motivated  a  world  wide  efr^ort  to 
design  and  build  new  exotic  L  s  capable  of  gererating  an  arbi¬ 
trary  state  of  polarization.  Of  particular  interest  ti>  the  r’-cular 
polarization.  Applications  extend  from  natural  or  magnetic 
dichroisro,  spin  polarized  photoemission,  magnet'.:  scattering... 
This  paper  reviews  the  recent  advance  in  that  direction.  Previ¬ 
ous  review  pepers  on  this  subject  cuti  also  be  consulted[l](2].  In 
section  2. 1  briefly  summarize  the  Stokes  Decomposition  of  the 
polarization  of  the  electromagnetic  radiation  and  define  the 
notations.  Section  3  (4)  is  a  description  of  Ihe  main  wigglers 
(undulators)  that  have  been  proposed  and/or  used  for  the  gener¬ 
ation  of  circular  polarization.  The  Illusiratioos  given  throughout 
this  pacer  will  be  illustrated  with  the  future  ESRF  electron/ 
position  beam  of  6  GeV,  100  mA  and  horizontal  (vertical)  eroit- 
tance  ol’7  E-9  m  (7  E-10  ra). 

II.  GENERAUTIES  ON  THE  J»OLARIZATION 

Each  electron  of  the  beam  generates  a  wave  of  electromag¬ 
netic  field.  This  wave  nearly  becomes  a  planewave  by  passing 
through  a  monochromator.  Its  polarization  state  is  a  pure  state 
which  means  that  it  is  entirely  described  by  two  complex  ampU- 
Uides  (one  for  the  horizontal  and  vertical  plane).  The  polariza¬ 
tion  state  typicaLy  depends  on  tne  observer  and  electron 
positions  and  velociues.  In  practical  situations,  the  radiation 
be.un  is  generated  by  an  ensemble  of  electrons  each  having  its 


own  position  and  angle.  Furthermore,  the  radiation  beam  is 
integrated  over  some  area  and  angle  by  a  detector.  As  a  result, 
the  description  of  the  polarization  by  means  of  the  two  com¬ 
plex  amplitudes  becomes  unsuflkient  One  must  deal  with  a 
statistici.’  sum  pure  states.  The  most  suitable  method  to 
deal  with  such  cases  is  the  density  matrix  formalism.  The 
density  matrix  describing  the  polarization  state  is  a  2*2  Icr- 
mitian  matrixp] .  In  the  following  I  shall  prefer  the  Stokes- 
Poincare  representation.  It  is  largely  sufficient  to  make  a  zoo¬ 
logical  classification  of  the  various  polarizations  oi  radiation, 
however  this  may  be  not  as  practical  as  the  density  matrix  if 
one  wants  to  treat  the  transformation  of  the  polarization 
through  any  scattering  or  polarization  sensitive  absorption. 
Other  formalisms  exist*  .im  as  the  Jones  Matrices.  Of 
course  all  these  rqpresr  are  equivalent  and  one  c;in 
find  four  ind^ndent  en  like  quantities  that  completely 
define  the  polarization.  In  the  Stokes  representation,  they  are 
the  total  intensity  1  (integrated  over  the  slit  aperture)  and 
three  polariz.  <  rates:  Pj  *  (I,  •  I» )  / 1,  P2  » (I45  •  It  js )  1 1. 
P3  ■  (If  “  U  ^  0;;)  is  the  energy  linearly  polarized  in  Ihe 

horizontal  (vcrt'val;  puie,  I45  (lisj)  is  the  energy  linearly 
polarized  at  4S  (13S)  degrees  with  the  horizontal  and  vertical 
directions,  I,  (It)  is  the  energy  circularly  polarized  with  right 
(left)  orientation.  Note  the  following  equalities:  1^1,^  4 1, « I45 
*  Ii35  si,  4  It.  Each  of  the  three  polarization  rales  defined 
above  is  a  dimensionless  quantity  between  -1  and  1.  A  pure 
slate  of  polarization  is  such  that  the  sum  of  the  s^iare  of  the 
three  rates  is  exactly  equal  to  1.  This  is  triviallly  verified  if  all 
6  partial  intensities  1;,,  I,,  I45, 1)3s,  Ip  It  are  zero  except  for 
one.  The  proof  can  be  extended  to  the  most  gfyieral  pure  ellip¬ 
tical  state  of  polarization  by  decomposing  the  intensity  over 
the  complex  amplitudes[4] ,  The  statistical  averaging  of  the 
different  polarization  present  in  a  beam  is  made  by  summing 
separately  each  contribution  to  the  6  partial  intensities 
described  above.  As  a  result  of  some  convexity  property  one 
easily  show  that  the  sum  of  the  square  of  the  three  polariza¬ 
tion  rates  is  less  than  1  becoming  equal  to  zero  for  completely 
depolarized  radiation.  In  the  following  I  shall  defme  the 
amount  of  depolarization  by  introducing  the  rate  of  unpolar¬ 
ized  radiation  po  such  that  in  any  condition; 

1  =  Po  +  Pl'*-P2  +  P3 
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po  is  a  dimensionless  quantity  between  0  and  1.  If  Po  =0 
(1).  the  radiation  is  fully  polarized  (dqwlarized).  In  the  most 
general  case  all  four  polarization  rates  depend  on  the  electron 
beam  (energy,  sizes,  angular  spreads,  position  and  angle),  the 
magnetic  field  of  the  ID,  the  photon  energy  and  the  detector 
(aperture,  position.).  Fully  polarized  radiation  can  only  be 
obtained  from  a  filament  monoenergetic  electron  beam  and 
with  a  point  detector. 

III.  WIGGLERS 

The  polarization  of  the  radiation  generated  by  a  typical  N 
periods  wiggler  is  described  by  simply  summing  every  6  par* 
tial  intensities  over  each  2N  source  points.  Conventional  wig* 
glers  generate  a  radiation  essentially  horizontally  linearly 
polarized  in  the  plane  of  the  orbit  which  gradiutiiy  becomes 
depolarized  as  the  observer  moves  away  from  the  orbit  plane. 
Note  the  difference  with  bending  magnet  radiation  which 
becoRM*  comi^etely  circularly  polarized  off  axis.  The  depo¬ 
larization  originates  from  the  statistical  average  of  purely  left 
(originating  from  a  source  point  of  positive  field)  and  purely 
right  (origiiiating  from  a  source  point  of  negative  field)  radia* 
tion  with  equal  proba/bility.  In  any  direction  of  observation, 
p2  and  p3  are  equal  to  zero.  On  axis  p  i  dominates  unless  the 
electron  beam  emiuance  is  extreiriely  large  in  which  case  po 
dominates.  IVvo  modifications  havR  been  used  to  restore  the 
circular  polarization.  They  are  the  asymmetric[S]  [6]  and 
Elliptical(7]  (S)  wigglers. 

A.  Asymmetric  Wiggler 

The  asymmetric  wiggler  is  made  of  a  non  sinusoidal  mag¬ 
netic  field.  iMgure  1.  presents  one  possible  magnetic  design. 


Figure  1.  Schemalic  of  an  asymmetric  wiggler 

In  an  asymmetric  wiggler,  the  two  source  points  per  period 
seen  by  an  observer  do  not  present  the  same  absolute  value 
(as  for  a  conventional  wiggler).  Ideally  the  field  correspond¬ 
ing  to  one  of  the  source  points  is  large  while  the  field  on  the 
second  source  point  is  small  and  of  the  opposite  sign.  The 
polarization  is  most  easily  analyzed  by  mean  of  a  vertical 


freld  vs.  hrvizontal  angle  diagram  such  as  the  one  shown  in 
figure  2.  The  intersection  of  any  vertical  line  (corresponding 
to  some  direction  of  observation)  with  the  closed  curve  gen¬ 
erally  defrnes  two  points  the  vertical  coordinate  of  which  is 
the  magnetic  field  of  the  source  points.  In  fact  the  curve  is 
closed  N  times  on  itself  defining  a  total  of  2N  source  points. 
In  some  very  special  cases  4,6...  source  points  per  period  can 
be  seen. 


Figure  2.  Field  vs.  Angle  Diagram  of  an  asymmetric  wiggler 

As  can  be  anticipated  from  Figure  2. ,  the  circular  polariza¬ 
tion  rate  depends  not  only  on  the  vertical  angle  of  observation 
but  also  on  the  photon  energy  and  horizontal  angle  of  obser¬ 
vation. 

B,  Elliptical  Wiggler 

The  elliptical  wiggler  can  be  understood  as  a  conventional 
vertical  field  wiggler  to  which  a  small  horizontal  field  of 
identical  periodicity  has  been  added  in  such  a  way  that  the 
electron  trajectory  is  a  flat  ellipse. 


Figure  3.  Schematic  of  an  Elliptical  Wiggler 

The  radiation  generated  on  the  axis  is  the  sum  of  the  one 
generated  by  a  positive  and  negative  field  but  seen  from 
below  and  above  (respectively)  the  orbit  plane.  As  a  result 
they  both  present  the  same  circular  orientation  and  they  do 
not  cancel  out  as  for  a  conventional  wiggler. 


1084 


The  choice  between  asymmetric  and  elliptical  wigglers  is 
largely  dictated  by  engineering  complexity.  The  asymmetric 
wiggler  is  much  simpler  to  build  and  does  not  require  any 
special  vacuum  chamber  even  though  potentially  less  effi¬ 
cient  than  the  elliptical  wiggler. 

IV.  UNDULATORS 
A.  Linear  Undulator 

The  radiation  generated  by  a  single  electron  over  each 
period  of  niotion  typically  interferes,  resulting  in  an  enhance¬ 
ment  of  the  emission  at  some  particular  photon  energy.  This 
phenomenon  is  predominant  in  undulators  while  difficult  to 
observe  on  a  wiggler  (except  for  a  filament  electron  beam  and 
a  point  detector).  The  transition  between  undulators  and  wig¬ 
glers  is  usually  determined  by  the  deflection  cofficient  K= 
0.934  STD  Itotcm].  8  is  the  peak  sinusoidal  vertical  field.  Xo 
is  the  sparial  period.  Undulators  (wigglers)  typically  corre¬ 
spond  to  K  <  (>)  2  to  3.  As  for  a  wiggler,  the  radiation  from 
an  undulator  is  essentially  horizontally  linearly  polarized  on 
axis.  Off  axis  the  polarisation  is  still  linear  but  inclined  with 
respect  to  the  horizontal  plane[9].  In  any  direction  of  obser¬ 
vation  P3SO.  The  highest  brightness  from  an  undulator  is  typ¬ 
ically  obtained  by  selecting  the  part  of  the  radiation  emitted 
around  the  main  central  axis.  Figure  1.  presents  the  flux  and 
polarization  rates  on  the  fundamental  peak  of  a  conventionnal 
linear  undulator  ( length  1.6m,  period  30  mm  K  =  0.67)  seen 
through  a  1*  1  mm  slit  placed  30m  away  from  the  source.  The 
ESRF  electron  beam  has  been  used  :  Energy  s  6  GeV,  Cur¬ 
rents  100mA,  horizontal  (vertical)  Emittance  =  7  E-9  m  (7  E- 
10  m),  horizontal  (vertical)  beta  function  =  27  m  (1 1  m). 


Figure  5.  Flux  and  polarization  rate  on  the  fundamental  peak  from  a 
linear  undulator  from  [10] 

Note  the  very  small  amount  of  depolarization  which  is  typ¬ 
ical  of  undulator  radiation  generated  by  small  emittance  elec¬ 
tron  beams.  Various  schemes  have  been  proposed  and  used  to 
generate  other  polarization  states  on  the  central  axis,  they  are 
described  below. 

B.  Helical  Undulator 

The  most  obvious  method  to  restore  the  circular  polariza¬ 
tion  of  the  radiation  issued  from  an  undulator  is  to  use  a  heli¬ 
cal  or  elliptical  magnetic  field  geometry.  From  a 
technological  point  of  view,  a  large  variety  of  technical  solu¬ 
tion  exist[ll][12][13](14].  For  small  values  of  the  undulator 
deflection  parameter  K,  the  ellipticity  of  the  radiation  is 
nearly  identical  to  the  helicity  of  the  magnetic  field.  In  other 
words,  the  electric  field  of  the  radiation  is  nearly  propmiional 
to  the  magnetic  field  components.  Figure  6.  presents  the  flux 
and  polarization  rates  on  the  fundamental  peak  from  a  helical 
undulator.  The  electron  beam,  slit,  undulator  length  and 
period  are  identical  to  those  of  Figure  S. .  The  peak  helical 
field  is  0.17  in  order  to  keep  the  same  fundamental  energy. 


Figure  6.  Flux  and  polarization  rate  on  the  fundamental  from  a  helical 
undulator  from  [10] 
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Helical  undulators  have  already  been  used  a  few  times  for 
FEL  {^plications  but  very  seldom  as  synchrotrcxi  radiation 
source[lS].  Possible  reasons  are  the  more  complicated  mag¬ 
net  technology  and  the  incompatibility  of  ultra-high  vacuum 
with  a  circular  vacuum  chamber  to  which  the  field  geometry 
is  particularly  suited. 

C.  Crossed  Undulator 

An  other  interesting  approach  to  restore  the  circular  polar¬ 
ization  is  to  use  a  crossed  undulator[16][17].  '*  is  an  arrange¬ 
ment  of  two  undulators  placed  successively  on  the  electron 
beam  but  rotated  by  90  degrees  around  the  beam  axis  (see 
Figure  7. ). 


Hgure  7.  Schematic  of  a  Crossed  Undulator 

Understanding  of  the  polarization  characteristics  is  not  a 
trivial  matter.  One  way  to  understand  it  is  to  analyze  in  the 
time  domain  the  radiation  wave  generated  by  a  single  elec¬ 
tron  as  it  crosses  the  full  device.  It  is  made  of  two  successive 
N  periods  sinewaves  with  orthogonal  orientation.  The  spec¬ 
trum  of  such  a  quasi  periodic  wave  presents  the  usual  undula¬ 
tor  harmonic  peaks,  but  also  an  oscillation  of  the  polarization 
characteristics  along  the  spectrum.  Figure  8.  presents  the  flux 
and  polarization  rates  on  the  fundamental  peak  from  a 
crossed  undulator.  The  electron  beam,  slit,  total  undulator 
length  and  period  are  identical  to  those  of  Figure  S. .  Each 
undulator  segment  is  0.8  m  long. 


The  high  sensitivity  of  the  polarization  to  the  photon 
energy  and  angle  of  observation  results  in  a  significant  depo¬ 
larization.  This  effect  has  been  analyzed  in  detail  for  a 
crossed  unduIatOT  emitting  around  9  keV  at  ESRF[10} .  Even 
with  the  low  emittance  beam  of  the  ESRF,  the  majority  of  the 
radiation  generated  on  each  peak  of  the  spectrum  is  depolar¬ 
ized.  Elliptical  polarization  can  be  observed  only  on  the  high 
energy  side  of  the  peak.  One  faces  a  trade-off  between  flux 
and  circular  polarization  rate  (60%  rate  for  50%  of  the  peak 
flux  in  Figure  8.  ).  Higher  polarization  rates  could  be 
observed  by  closing  the  slit  but  again  at  the  cost  of  the  flux. 
The  phenomenon  decreases  with  electron  eneigy,  beam  emit¬ 
tance  and  slit  aperture.  Experiments  looking  for  circular 
polarization  from  a  crossed  undulator  will  require  extensive 
alignment  and  care.  The  prime  advantage  of  the  crossed 
undulator  is  its  potential  rapid  switching  of  polarization  ori¬ 
entation  (left  to  right)  which  can  be  accomplished  by  a  short 
electromagnet  three  pole  section  (dispersive  section)  placed 
between  the  two  undulators. 

V.  FLIPPING  OF  THE  POLARIZATION 

Experiments  that  make  use  of  the  circular  polarization  very 
often  require  a  switching  mechanism  of  the  orientation  from 
left  to  right  This  operation  can  be  done  by  playing  with  some 
optical  element  in  the  beamline  or  by  directly  operating  on 
the  magnetic  field  of  the  ID.  The  modification  of  the  mag¬ 
netic  field  should  always  be  considered  as  a  last  alternative 
since  it  is  very  likely  to  result  in  a  disturbance  of  the  electron 
beam  closed  orbit  that  is  detrimental  to  the  large  number  of 
other  users  of  such  a  facility.  The  higher  the  electron  energy, 
the  lower  the  perturbation. 

Polarization  switching  can  be  done  with  a  permanent  mag¬ 
net  asymmetric  wiggler  by  periodically  inclining  the  trajec¬ 
tory  vertically  by  mean  of  a  two  or  four  magnets  bump  placed 
on  each  side  of  the  device.  In  an  elliptical  wiggler  or  in  a  heli¬ 
cal  undulator,  the  phasing  between  the  horizontal  and  the  ver¬ 
tical  magnetic  field  flip  the  polarization.  This  can  be 
accomplished  by  a  longitudinal  displacement  of  some  perma¬ 
nent  magnet  as  ^cmbly  (a  few  seconds)  or  by  using  an  electio- 
magnet  (a  fev.  hundredths  of  a  second).  As  we  have  seen 
above,  the  crossed  undulator  offers  a  very  elegant  method  for 
flipping  the  polarization  by  means  of  a  dispersive  section.  If  a 
high  photon  energy  is  envisaged,  an  electromagnet  undulator 
are  inefficient  and  permanent  magnets  must  be  used.  In  that 
case,  an  interesting  scheme  can  be  used  to  switch  the  helicity 
of  the  field  by  separating  the  magnet  responsible  for  the  verti¬ 
cal  and  horizontal  component  of  the  magnetic  field  on  two 
different  jaws  (see  Figure  9. ).  Such  a  device  can  accommo¬ 
date  a  conventional  flat  vacuum  chamber. 


Figure  8.  Flux  and  polarization  rate  on  the  fundamental  from  a 
crossed  undulator  from  [10] 
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A  helical  undulator  is  presently  being  built  at  ESRF  based 
on  this  concept[18] . 

VI.  CONCLUSION 

New  wigglers  have  been  successfully  tested  in  the  past 
years  that  were  built  in  order  to  generate  circular  polarization. 
New  undulator  schemes  presently  under  construction  are 
expected  to  be  tested  in  the  coming  years.  The  large  world¬ 
wide  effort  to  buiid  synchrotron  radiation  sources  will 
undoubtedly  result  in  an  improvement  of  the  ID  technology 
in  all  aspects  and  especially  the  control  of  the  polarization 
which  is  a  new  important  demand  from  the  user  community. 
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Abstract 

Continuing  the  growth  of  insertion  devices  as  synchrotron 
radiation  sources,  the  needs  of  research  teams  in  many  disci¬ 
plines  now  mandate  the  construction  of  rapidly-modulated  vari¬ 
able-polarization  crossed-undulators  for  polarization  sensitive 
experiments.  Such  a  source  is  being  proposed  for  the  Aladdin 
storage  ring  at  SRC  to  provide  arbitrary  polarization,  modulat¬ 
ed  at  10  Hz,  with  first  harmonic  tunable  from  8-40  eV.  An 
outline  for  an  entire  system’s  design  is  presented,  including 
diagnostics,  initial-phase  bcamlinc,  and  controls.  This  facility 
will  immediately  benefit  the  scientific  community  and  impact 
implementation  of  similar  devices  at  third-generation  facilities 
like  ALS  (Advanced  Light  Source,  LBL),  and  APS. 

I.  iNTRODUCnON 

As  a  result  of  increased  demand  from  the  scientific  com¬ 
munity,  several  wiggler  and  undulator  sources  have  been  pro¬ 
posed  which  will  increase  the  flux  of  circularly  polarized 
x-rays  [1],  Except  for  the  crossed-undulator  [2,3],  all  other 
possibilities  employ  inherently  slow  mechanical  motion  to  vary 
the  polarization.  Because  it  uses  an  electromagnetic  modula¬ 
tor,  the  crossed-undulator  offers  rapid,  variable-waveform  mod¬ 
ulation  between  selected  polarization  states  [3]. 

More  than  just  the  source,  an  entire  system  is  being  de¬ 
signed.  Also  included  are:  the  diagnostics  for  characterizing 
the  radiation;  an  initial-phase  bcamline  for  research  at  8-40  eV; 
and  the  requisite  computer  conuol  and  coordination  of  the 
source,  beamline,  and  storage  ring  operation. 

Implementation  of  the  crossed-undulator  at  SRC  is  being 
supported  by  researchers  from  chemistry,  life  sciences,  materi¬ 


als  science,  and  physics.  Additionally,  it  will  be  an  important 
precursor  of  similar  devices  at  third-generation  synchrotrons  as 
the  ALS  and  APS  where  such  sources  will  extend  variable-po¬ 
larization  capability  to  higher  photon  energies. 

II.  Conceptual  Design 

The  crossed-undulator  design  uses  two  planar  undulator 
sections,  each  producing  linearly  polarized  radiation,  rotated 
with  respect  to  one  another  by  90°  about  their  common  longi¬ 
tudinal  axis,  and  variably-phased  along  the  same  axis,  as  illus¬ 
trated  in  Fig.  I.  Specifically,  in  the  present  case,  the  undula- 
tors  have  been  oriented  at  ±45°  on  either  side  of  the  vertical 
plane  through  the  longitudinal  axis.  This  orientation:  maximiz¬ 
es  the  vacuum  chamber’s  horizontal  aperture;  produces  "erect" 
linear  polarizations  which  can  be  interchanged  by  rapid  modu¬ 
lation;  and  is  inherently  symmetrical. 

A.  Discussion  Concerning  the  Radiation 

The  phasing  between  the  radiations  from  the  two  undula- 
tors  is  determined  by  the  differential  flight  times  of  electrons 
and  photons  travelling  between  them.  Simplistically  assuming 
spacially  harmonic  fields,  and  given 
Y  =  electron  energy 

Xj,  ^  =  undulator  &  modulator  periods,  respectively 
®u!m  ■  undulator  &  modulator  magnetic  fields,  respectively 
~  B^'^sintot,  sum  of  the  bias  &  modulated  parts 

=  undulator  &  modulator  deflection  parameters 
=  93.4xB„„,(T)X„,„(m) 

X  =  undulator  radiation  wavelength 

z  =  longitudinal  spacing  between  the  undulators 
z^  =  (effective)  longitudinal  length  of  the  modulator 

-  \n 


MODULATOR 

(SECTIONED) 


,/-e,7 

BEAMS 


Figure  1.  Conceptual  illusuauon  ot  the  crossed-undulator  source. 
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the  phasing,  expressed  in  units  of  x  (=  X/c),  becomes: 

,  2z*zX  2z  ^  93Ahl(B*.B:r^coty 

Thus,  for  a  given  wavelength,  X,  phasing  can  be  varied  both  by 
changing  the  mechanical  spacing  between  the  undulators  (z), 
and  the  excitation  of  the  modulator  (Bj^.  and  8^^). 

When  observed  through  a  monochromator,  the  combined 
radiation  is  generally  elliptically  polarized.  By  varying  the 
phasing  the  polarization  of  the  combined  radiation  can  be  ad¬ 
justed  arbitrarily.  In  particular,  it  can  be  modulated  between 
left  and  right  circular  polarizations  (f  =  respective  odd  multi¬ 
ples  of  j)  or  between  vertical  (f=  1,2,3,...)  and  horizontal  (f = 
7,7,7,...)  linear  polarizations. 

The  operation  of  the  crossed-undulator  is  based  on  the  in¬ 
terference  effect,  and  requires  a  low-emittance  electron  beam 
for  satisfactory  performance  for  short  wavelength  radiation. 
Because  of  this,  the  upper  limit  will  be  about  100  eV  on 
Aladdin.  The  spectral  range  can  be  extended  to  several  hun¬ 
dred  eV  and  higher  with  third-generation  synchrotron  radiation 
facilities,  such  as  the  ALS  and  APS. 

B.  Specifications 

Table  1  summarizes  requirements  from  the  users  of  the 
crossed-undulator  and  for  unimpaired  operation  of  the  Aladdin 
storage  ring  for  all  users. 


Table  1;  Functional  Requirements 


1  For  Crosscd-Undulator  Users 

Spectral  Range 

8-40 

eV 

Total  Phase  Shift  (ac-tdc) 

<360 

deg 

Phase  Modulation  (ac) 

Rate 

10 

Hz 

Amplitude 

>  180 

deg 

For  M  Storage  Ring  Users 

Physical/Dynamic  Aperture 

No  Reduction  of: 

Injection  (1(X)  MeV) 

Stored  Current 

Full  Energy  (800  MeV) 

Lifetime 

Vertical  Beam  Stability 

Whole  Rinc,  800  MeV:  1 

Positioning 

10 

pm 

Size 

1.5 

% 

1.  Undulator 


Both  sections  will  have  independently  adjustable  gaps, 
and  separate  end-correctors  and  end-clamps.  Table  2  shows 
other  spcciftcations  generated  by  the  requirements  in  Table  1. 
See  §II.C.3  for  further  discussion  concerning  ring  operation. 

The  undulator  spacing,  /,  must  accommodate  the  modula¬ 
tor  and  any  diagnostics  or  steering  elements  for  conuol  of  the 
electron  beam.  Although  z  must  be  kept  to  a  minimum  to 
maximize  the  radiation’s  degree  of  polarization,  some  variation 
of  z  will  be  incorporated.  Both  undulators,  together,  can  be 
horizontally  retracted  from  over  the  vacuum  chamber,  so  as  not 
to  adversely  affect  low-energy  injection  into  the  ring. 


Table  2:  Preliminary  Undulator  Specifications 


Magnetic  Structure 

Hybrid  [4] 

Number  of  Periods,  N 

5/section 

Period  Length, 

10 

cm 

Geomeuy 

Orientations 

±45 

deg 

Position  @  Injection 

Retracted 

Operating  Ranges,  Respectively 

Magnetic  Gap,  g 

5-^9 

cm 

Magnetic  Field 

0.38-^0.11 

T 

K  Value 

3.5  1 

Photon  Energy,  1“  Harmonic 

8.3  ->  40 

eV 

Multipole  Error  Limits 

Dipole 

8.54x10-* 

Tm 

Quadrupole 

0.04 

T 

Sextupole 

0.3 

T/m 

Octupole 

0.3 

T/m^ 

Maximum  Gap  for  Retraction 

16-19 

cm 

Vacuum  Chamber  Cross  Section 

Horizontal 

7 

cm 

Vertical 

3 

cm 

2.  Modulator 


The  main  requirements  for  phase  shift,  frequency,  and 
stability  appear  in  Table  L  Details  on  this  critical  component 
can  be  found  in  a  companion  paper  of  these  Proceedings  [5]. 

C.  Performance 

By  design,  the  undulators  and  modulator,  will  have  neg¬ 
ligible  impact  on  storage  ring  operation.  Thus,  present  opera¬ 
tional  ring  parameters  can  be  used  for  detailed  calculations  of 
the  properties  of  the  radiation. 

1.  Aladdin  Operation 

The  ring  routinely  operates  at  800  MeV  with  initial  beam 
current  of  about  200  mA.  Alternate  operation  also  permits 
1000  MeV  at  80  mA,  primarily  for  x-ray  lithography. 

Currently,  there  are  several  projects  underway  for  the  fur¬ 
ther  improvement  of  the  storage  ring.  These  arc  primarily  di¬ 
rected  toward  the  continuing  upgrade  in  user-oriented  features 
such  as  the  increased  utility  of  Aladdin’s  long  straight  sections 
for  insertion  devices  [6]. 

2.  Polarization  and  Flux  vs.  Energy 

Using  present  Aladdin  parameters,  crossed-undulator  per¬ 
formances  are  as  shown  in  Figs.  2  and  3  for  several  aperture 
sizes.  For  simplification  the  calculations  use  a  Gaussian  aper¬ 
ture-function  of  rms  value  Oq  =  ’»'jV(X/L),  where  L  =  undula¬ 
tor  length.  Notes:  the  efficiency  of  the  optical  system  is  not 
accounted  for  in  Fig.  3;  also,  the  improvement  programs 
mentioned  above  can  only  improve  expected  performance. 

3.  Interaction  of  Undulator  and  Storage  Ring 

Tables  1  and  2  summarized  the  principal  requirements/ 
specifications  for  undulator  operation  to  non-adversely  affect 
ring  operation  (for  all  users).  The  physical  apertures  are  from 
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F'ciire  2:  I^Rro:*  of  ctrruiar  polari/aiion  versus  wavo'i'n.*'*! 


scraper  measurements  made  during  injection,  ramping,  and 
full-energy  operation.  A  stable  (position  and  size)  circulating 
biSKn  gives  rise  to  the  limits  specified  on  dipole  and  quadru- 
polc  field  errors. 

At  (low  energy)  injection,  acceptable  dynamic  aperture  is 
easily  achieved  by  simply  retracting  the  undulators  from  over 
the  bcam/vacuum  chamber.  At  full  energy,  linear  lattice  calcu¬ 
lations  on  stability  with  SYNCH,  and  dynamic  aperture  calcu¬ 
lations  with  PATRICIA,  have  been  performed  resulting  in  the 
higher  (sextupolc  and  octupole)  multipole  errors  shown. 
Presently,  extensive  studies  ate  underway  to  specify  all  toler¬ 
ances  including  skew  multipoles  and  misalignments. 

III.  System’s  Overview 

The  proposed  system  will  result  in  a  comprehensive 
facility  for  the  production  and  utilization  of  variably-polarized 
radiation.  Briefly,  other  aspects  of  the  effort  are  as  follows. 

Undulator  Radiation  Diagnostics  171  Two  different  instruments 
are  proposed  to  completely  characterize  the  radiation  between 
10  and  40  eV.  The  first  will  measure  the  spatial  dependence 
of  the  spectral  flux,  thus  determining  the  phase-space  volume 
of  the  radiation.  The  second  is  a  polarimeter,  with  triple-re¬ 
flector  analyzer  and  quarter-wave  ^vices. 

Bcamline  Implementation  181  Taking  advantage  of  the  source 
collimation  (J^.  y.  <  450  prad),  distance  (20  m),  low  power, 
and  stability,  the  beamlinc  is  basically  of  the  Wadsworth  type 
[9],  featuring:  no  enhance  slit,  no  prefocusing  optics,  and  a 
normal-incidence  Pruett-Lien  1-m  monochromator.  These  con¬ 
ditions  result  in  a  nearly  stigmatic  image  at  the  exit  slit  which 
could  be  immediately  useful. 


Storage  Ring  Adaptations  Onsite  installation  involves  the  de¬ 
sign,  construction,  and  installation  of:  the  common  undula- 
tor/modulator  support  structure:  vacuum  chamber  section  with 
localized  pumping,  clearing  electrodes,  and  beam  position 
monitors;  and  shielding  of  concrete  and  lead. 

Control  System  Distinct  functions  of  the  control  system 
include:  undulator  operation  (independent  gap  control,  retrac¬ 
tion);  modulator  excitation  (amplitude,  waveform,  frequency); 
longitudinal  position  (phase)  control  of  one  of  the  undulators; 
local  orbit  correction;  local  orbit  steering;  beamline  conU'ol  of 
beam  energy,  polarization,  and  position/angle.  Given  this 
complexity  and  that  it  must  be  transparent  to  other  users  of  the 
ring  pose  a  major  challenge  to  the  implementation  of  the 
control  system. 
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Abstract 

The  nearly  four  orders  of  magnitude  increase  in  brightness 
expected  for  insertion  device  (ID)  x-ray  sources  on  the  next 
generation  low-emittance  synchrotron  facilities  will  have  a 
tremendous  impact  on  many  areas  of  research.  However,  in 
order  to  deliver  the  expected  performance,  the  IDs  will  need  to 
^fy  stringent  magnetic  and  mechanical  requirements.  Errors 
in  real  devices  affect  both  the  spectral  performance  and  storage 
ring.  For  example,  one  source  of  random  magnetic  field  errors 
relating  to  the  peak  field  in  the  device  has  a  direct  effect  on  the 
peak  spectral  brightness  of  undulator  harmonics.  Other  errors 
result  in  with  the  higher  moment  fields  (sextupole,  quadrupole, 
etc.)  in  the  device  which  can  effect  the  performance  of  the  low- 
emittance  storage  ring.  Both  effects  are  discussed  in  terms  of 
the  next  generation  synchrotron  facilities. 

1.  INTRODUCTION 

The  next  generation  of  low-emittance  high-brilliance 
for  synchrotron  facilities  such  as  the  7-GeV  Advanced  Photon 
Source  (APS),  1-2  GeV  Advanced  Light  Source  (ALS),  the 
European  Synchrotron  Radiation  Source  (ESRF),  and  SPring  8 
(Japan),  etc.,  will  have  inatrtion  device  undulator  and  wiggler 
x-ray  sources  with  unique  spectral  properties.  These  properties 
will  open  new  possibilities  for  scientific  research  in  essentially 
every  area  of  science  and  technology.  Existing  and  new 
techniques  utilizing  the  full  potential  of  these  sources,  such  as 
their  enhanced  spectral  coherence,  unique  polarization 
properties,  and  high  spectral  brilliance,  will  permit 
experiments  not  possible  with  existing  sources. 

The  enhanced  performance  predicted  for  ideal  undulator 
sources  on  the  low-emittance  rings  over  that  on  present 
synchrotron  sources  is,  in  most  cases,  remarkable,  and  a 
considerable  amount  of  effort  has  been  spent  over  the  past 
years  to  understand  the  spectral  properties  of  these  devices. 
During  this  time,  it  has  b^ome  clear  that  the  performance  of 
actual  devices  will  depend  not  only  on  the  quality  of  the  low 
emittance  particle  beam,  but  also  on  the  achievable  magnetic 
and  mechanical  tolerances.  In  addition,  the  error  fields  for  real 
devices  may  introduce  deleterious  effects  on  the  storage  ring 
and,  as  a  consequence,  indirectly  affect  the  undulator  spccual 
perfoimanoe. 

In  general,  the  magnetic  field  quality  or  tolerance  for 
actual  devices  is  determined  by  the  storage  ring  requirements 
and  the  acceptable  spectral  performance.  In  the  following,  a 
summary  of  these  tolerance  requirements  for  typical  planar 
permanent  magnet  undulator  IDs  on  the  new  third  generation 
synchrotron  facility  storage  rings  is  presented.  In  addition, 
some  recent  results  for  APS  prototype  undulators  are 
discussed. 


*  Work  supported  by  the  U.  S.  Department  of  Energy,  BES- 
Materials  Sciences  under  Conuact  WC-31-109-ENG-38 
U.S.  Government  wok  not  protected  by  U.S.  Copyright. 


The  major  emphasis  of  this  article  is  to  identify  the 
sources  of  magnetic  field  errors  in  real  IDs  and  to  describe  the 
effects  of  these  errors  on  the  spectral  performance  of  the  device 
and  on  the  storage  ring. 

2.  CHARACTERISTICS  OF  IDEAL  PLANAR  IDs 
A.  Baseline  Spectral  Properties 

Both  undulators  and  wigglers  are  composed  of  magnet 
arrays  in  a  planar  geometry  that  set  up  a  spatially  oscillating 
magnetic  field  along  the  length  of  the  device  [1,2].  These 
arrays  can  either  be  made  up  of  permanent  magnets,  with  or 
without  high-permeability  steel  poles  such  as  vanadium 
permendur,  or  electromagnets.  For  the  new  low  emittance 
storage  rings  with  ring  energies  between  1  and  8  GeV,  the 
majority  of  IDs  have  periods  less  than  20  cm  in  order  to 
achieve  the  required  spectral  energies.  This  is  the  optimum 
range  for  permanent  magnet  structures.  In  almost  all  cases, 
rare-earth-transition  metal  magnets,  especially  Nd-Fe-B,  are 
used  because  of  their  enhanced  field  strength.  The  magnetic 
structures  of  a  pure  permanent  magnet  (PPM)  and  a  hybrid 
device  with  van^ium  permendur  poles  are  compared  in  Fig.  1. 
In  both  cases,  the  vertical  component  of  the  magnetic  field 
along  the  z-direction  of  the  ID  varies  p^odically  with  a  period 
Xo.  For  the  PPM  ID,  the  field  variation  along  the  centerline 
of  the  midplane  is  nearly  sinusoidal.  For  the  hybrid  structure, 
the  field  has  higher  harmonics  determined  by  the  detailed 
structure  of  the  pole  and  magnet  array. 

The  slope  angle  for  the  sinusoidal  field  is  6  s  K/y, 
where  ^=1957  Ey ,  and  Ey  is  the  ring  energy  in  GeV,  and  K  is 
the  deflection  parameter  given  by  K  =  0.934Xo(cm)Bo(T), 
where  Bq  is  the  peak  magnetic  field.  In  the  undulator  regime, 
defined  by  K  ~  1,  interference  effects  occur  within  the 
synchroU’on  radiative  opening  angle,  y^l/Y,  which  cause 
spatial  and  frequency  bunching  of  the  radiation.  This  gives 
rise  to  the  typical  undulator  specbum  consisting  of  narrow 
bands  of  radiation  called  harmonics. 

In  general,  the  spatial  distribution  of  the  radiation  is 
complex  [3].  Near  a  harmonic  energy,  however,  it  consists  of 
a  cenual  radiation  cone  combined  with  structure  off-axis.  For 
a  single  particle,  the  radiative  source  size  and  divergence  of  the 
central  radiation  cone  of  tLv  nth  harmonic  depend  on  the 
wavelength,  Xn,  and  the  length,  L,  of  the  undulator,  and  are 
given  by: 

o‘r=(Xn/L)l/2  anj  ay=(l/4jc)(XnL)l/2, 

respectively. 

In  both  ID  structures,  the  spectral  properties  depend 
on  the  trajectory  of  the  particle  beam  through  the  device  which 
in  turn  depens  on  the  magnetic  field  and  the  magnetic  period  of 
the  device. 
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Fig.  1.  A  pure  permanent  magnet  structure  with  four 
magnetic  blocks  per  period  compared  to  a  structure  with  steel 
poles  with  ^proximately  the  same  period. 


The  spatial  and  angular  distribution  of  the  stored 
particle  beam  determined  by  the  emittance  will  affect  the 
undulator  spectral  properties  most  severely.  The  particle  beam 
distributions  arc  approximately  Gaussian  and  given  in  terms  of 
the  beta  functions.  Px  and  Py,  at  the  undulator  location  in  the 
lattice  and  the  storage  ring  emittance,  ex  and  ey.  For  the 
i=x,y  directions,  the  particle  beam  size,  ai,  tmd  divergence,  0*1. 
arc  given  by: 

oi=  (eipi)*^  and 

The  effective  radiative  source  size,  £i,  and  divergence, 
Z'i,  in  the  i=x  and  i^y  directions  is  given  !g)proximately  by  the 
convolution  of  the  natural  single  particle  source  parameters  and 
the  particle  beam  parameters,  and 


i:i=((oD2+(Or)2)‘^  and 
ri=((o-D2+(o‘r)2)>^. 

For  third  generation  storage  rings,  natural  emiuar,ces, 
e,  on  the  order  of  of  ~1  nm  rad  will  be  achieved.  Assuming  a 
coupling  of  ~  10%  between  the  vertical  (y)  and  horizontal  (x) 
emittances,  the  magnitude  of  o'y  and  ay  are  on  the  order  of 
~  5-10  tuad  and  50-100  pm,  respectively.  This  is  to  be 
compared  to  the  natural  radiative  opening  angle  and  size  of  the 
undulator  photon  beam,  which  depends  on  the  x-ray 
wavelength  of  the  harmonic  chosen.  For  soft  x-ray  devices 
with  harmonics  in  the  range  of  100-1000  A,  the  natural 
undulator  source  divergence  dominates.  In  the  harder  x-ray 


region,  the  source  emittance  effect  becomes  important  near  1  A 
radiation. 

The  energy  of  a  given  undulator  harmonic,  n,  is  given 
approximately  by: 

En(keV)=  0.949  nEr2(GeV)/((l+K2/2+72v|/2).Xo(cm)) 

The  natural  energy  band  width  is  given  by  AE/E=l/(nN), 
where  N  is  the  number  of  magnetic  periods  in  the  device.  The 
bandwidth,  AE,  corresponds  to  an  angular  divergence,  \|/~a'r. 
This  natural  energy  band  width  is  increased  by  particle  beam 
parameters  such  as  the  emittance  and  energy  spread.  For  a 
given  storage  ring,  the  baseline  energy  width  will  require 
numerical  calculations  that  take  into  account  the  actual  angular 
acceptance  and  the  particle  beam  emittance.  For  perturbations 
that  are  not  much  larger  than  the  natural  undulator  angular 
width  a'r,  the  contributions  to  the  energy  spread,  AE/E,  of  the 
harmonics  from  the  particle  beam  divergence  is  given 
approximately  by: 

Ai=(a-iY)2/(2(l+K2/2)) 

where  i=x,y.  The  energy  spread  of  the  particle  beam  will  also 
contribute  to  the  energy  width  of  a  harmonic. 

The  on-axis  spectral  brilliance,  BLO  (sometimes 
referred  to  as  brightness),  in  photons/(s  0.1  %BW  mm2mrad2) 
is  defined  as: 


BL0=F/(4nEx5:‘x£y2'y) 

where  F  is  the  total  flux  at  a  given  photon  energy  in  a  fixed 
band  width  (BW). 

These  intrinsic  spectral  properties  of  undulator 
radiation  including  emittance  define  the  baseline  performance 
of  ideal  devices  for  different  storage  ring  conditions.  This  base¬ 
line  is  a  convenient  one  from  which  to  discuss  the  effects  of 
magnetic  Held  errors  on  the  performance  of  real  devices.  One 
of  the  effects  of  particle  beam  emittance  is  to  complicate  the 
mathematical  description  of  the  effects  of  field  errors  of  real 
devices  on  the  spectral  properties.  For  some  types  of  errors 
such  as  i^iase  errors  discuss^  later,  the  spectral  properties  dean 
be  described  approximately  by  a  Gaussian  convolution  of  the 
error  field  distribution  with  emittance.  For  steering  errors,  it 
is  not  clear  whether  this  approximation  can  adequately  describe 
the  combined  effects  of  error  fields  and  emittance  and  numerical 
calulations  using  the  actual  magnetic  field  may  be  required. 

B.  Effect  on  Storage  Ring 

From  the  point  of  view  of  the  storage  ring,  a  perfect 
undulator  with  infinite  width  and  plane  poles  will  show  some 
degree  of  vertical  focusing  of  the  particle  beam  [4].  This 
focusing  is  associated  with  the  variation  of  the  magnetic  field 
from  the  device  centerline  in  the  midplane  to  the  pole  face  and 
the  transverse  component  of  the  particle  trajectory.  For  a  field 
with  a  sinusoidal  dependence  along  the  len^  of  the  undulator, 
this  focusing  is  equivalent  to  a  quadrupole  component  of  the 
magnetic  field  and  results  in  a  tune  shift  of  the  storage  ring.  It 
is  the  smallest  possible  perturbation  achievable  with  a  device. 
The  quadrupole  component  depends  approximately  on  the 
square  of  the  ratio  of  the  peak  field  to  the  ring  energy  and  is 
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more  imponant  for  high  field  devices  in  low  energy  storage 
rings.  Non-linear  octupole-like  terms  are  also  present.  The 
sextupole  term  vanishes  over  one  period. 

There  is  no  net  steering  given  by  jB  dz  in  one  period 
length  of  a  perfect  ID  because  of  the  periodic  variation  of  the 
field.  A  net  steering  will  occur  for  configurations  of  poles  in 
which  the  net  number  of  periods  is  a  half  integer.  No  net 
particle  beam  offset  occurs  through  the  device  except  in  this 
case. 

3.  PERFORMANCE  OF  REAL  UNDULATOR  DEVICES 
A.  Sources  of  Magnetic  Field  Errors 

As  mentioned,  the  spectral  properties  of  a  given  ID 
on  a  particular  storage  ring  depend  exclusively  on  the  trajectory 
of  the  particle  beam  through  the  device.  For  planar  devices, 
which  is  the  focus  of  this  article,  the  magnetic  field  is 
determined  by  the  array  of  mapetic  elements.  The  field 
variation  along  the  length  of  the  device  for  the  hybrid  structure 
can  have  odd  harmonics  of  the  field  higher  than  the  sinusoidal 
dipole  term.  The  magnitude  of  these  harmonics  can  usually  be 
kept  below  10%  of  the  main  sinusoidal  field  by  appropriate 
choice  of  the  pole  dimensions.  Optimization  is  required  since 
the  peak  field  also  depends  on  the  pole  thickness.  As 
mentioned,  the  variation  of  the  magnetic  field  along  the  z- 
direction  for  a  PPM  ID  is  nearly  sinusoidal. 

For  undulators,  the  presence  of  higher  field  harmonics 
affect  the  relative  intensity  and  position  of  the  energy 
harmonics  of  the  device.  For  wigglers,  they  will  modify  the 
spatial  distribution  of  the  photons.  These  effects  cannot  i^ly 
tw  considered  as  associated  with  magnetic  field  errors  since  the 
degree  of  purity  of  the  fundamental  can  be  controlled  in  most 
cases. 

Real  errors  in  the  magnetic  field  of  both  PPM  and 
hybrid  IDs  arise  from  several  sources.  One  is  the  mechanical 
construction  tolerances  achieved  in  the  fabrication  of  the 
device.  These  errors  involve  placement  tolerances  of  pole 
pieces  and  magnets,  as  well  as  dimensional  tolerances  on  the 
assembly  or  backing  beams.  A  second  source  of  field  errors  is 
orientation  errors  and  block  to  block  variations  of  the  net 
magnetic  moment  of  the  permanent  magnet  blocks  used  in  the 
construction  of  the  device.  Finally,  the  magnetic  block  can 
have  inhomogeneities  in  the  moment  distribution  that  can  be 
different  for  different  blocks.  All  of  these  factors  will  give  rise 
to  magnetic  field  errors  that  have  both  a  random  and  a 
systematic  component.  They  introduce  both  particle  beam 
steering,  trajectory  distortions,  and  focusing  effects  in  both 
the  vertical  and  horizontal  directions.  As  a  result,  they  affect 
the  spectral  {xoperties  of  the  undulators  and  the  performance  of 
the  storage  ring 

These  sources  of  errors  should  be  distinguished  from 
size  effects  in  real  undulators.  In  general,  one  predicts  the 
magnetic  arrays  assuming  IDs  with  infinite  width  so  that  the 
fields  are  two  dimensional.  Finite  width  effects  for  teal  devices 
can  be  estimated  from  either  experimental  results  [S]  or  model 
calculations  (6).  In  general,  the  width  of  a  given  ID  requires 
optimization  in  order  to  maintain  magnetic  field  quality  and 
roll-off  in  the  horizontal  (x)  direction.  This  roll-off  for  an 
error-free  device,  results  in  horizontal  focusing  as  was  the  case 
for  the  vertical  focusing  as  well  as  other  non-linear  terms.  The 
width  of  the  magnet  and  pole  array  can  be  readily  controlled  in 


order  to  achieve  the  price-performance  criteria  required. 

Of  the  real  error  sources  mentioned,  the  block 
properties  are  the  most  crucial  in  determining  the  final  ID 
performance.  In  the  initial  stages  of  permanent  magnet  ID 
development,  pure  permanent  magnet  arrays  were  used  to 
achieve  the  required  field.  In  this  case,  the  magnetic  system  is 
nearly  a  linear  medium  since  the  permeability  of  the  magnet  is 
approximately  equal  to  1.  As  a  result,  the  quality  of  the 
resultant  magnetic  field  depends  directly  on  the  quality  of  the 
blocks  used  in  constructing  the  magnetic  array.  This  means 
that,  ultimately,  the  field  quality  depends  on  the  materials 
properties  of  the  magnets.  In  principle,  this  requires  very  tight 
faMcation  tolerances  on  the  magnetic  properties  of  the  Mocks 
and  careful  sorting  [2]. 

The  hybrid  structure,  on  the  other  hand,  offers  the 
advatitage  that,  in  principle,  the  magnetic  field  is  achieved  by 
exciting  a  steel  pole  such  as  vanadium  permendur  by 
permanent  magnet  blocks.  The  maximum  flux  in  the  steel 
pole  should  be  kept  below  the  saturation  level  and 
consequently  the  magnetic  properties  depend  less  on  the 
detailed  material  properties  of  either  the  block  or  the  pole.  In 
addition,  a  certain  amount  of  error  cancelation  is  expected  since 
the  same  magnet  block  excites  poles  of  opposite  sign.  In 
actual  fact,  as  will  be  discussed,  the  magnetic  field  errors  and 
performance  in  both  high  quality  PPM  and  hybrid  structures 
devices  required  for  the  next  generation  IDs  depend  to  some 
extent  on  ir:o  permanent  magnet  block  properties  in  similar 
ways. 

Piesently,  the  fabrication  of  the  Nd-Fe-B  blocks  that 
are  used  in  the  production  of  high  quality,  high  field  IDs 
involves  ^  three  step  process  consisting  of  orientation, 
pressing, ,  d  sintering  of  fine  powder.  Isostatic  pressing  of 
the  magitc'^  in  the  applied  field  produces  the  best  performance 
and  most  oj^iform  magnets.  It  Mso  has  the  highest  production 
cost.  In  i'dJition,  the  dimensional  tolerance  and  direction  of 
the  momeiii  are  more  difficult  to  control  because  of  the  lack  of 
a  wcU-defi  od  datum  surface. 

Tl'e  bulk  magnet  properties  depend  on  the  average 
direction  t the  net  moment  and  the  uniformity  of  the 
magnetic  miment  distribution  through  the  block.  A  perfect 
set  of  block,-,  will  all  have  the  same  magnitude  of  the  net 
moment  and  i/i  the  same  orientation  relative  to  some  specified 
direction.  For  real  blocks,  orientation  and  magnitude  errors  in 
the  magnetic  moment  occur.  In  the  case  of  a  hybrid  magnetic 
structure,  orientation  errors  can  give  rise  to  excitation  errors  in 
the  pole  adjoining  the  magnet  since  only  the  perpendicular 
component  of  the  moment  from  the  block's  surface  is 
important.  The  orientation  can  also  cause  a  non-zero 
component  of  the  field  on  the  bottom  face  of  the  magnet  that 
can  affect  the  midplane  field  and  zero  crossing.  In  the  PPM 
structure,  they  conu-ibuie  directly  to  the  field  eirors  of  the 
device.  Errors  such  as  these  require  careful  measurement  of  the 
block  moment  and  orientation  with  a  Helmholtz  coil 
arrangement,  for  example.  Once  measured,  the  data  can  be 
used  in  a  sorting  algorithm  to  properly  select  and  distribute  the 
errors  over  the  body  of  the  ID. 

Block  errors  much  more  difficult  to  measure  are 
associated  with  non-uniformities  in  the  moment  distribution. 
For  the  hybrid  structure,  they  are  suppressed  away  from  the 
midplane.  They  are  detrimental,  however,  on  or  near  the 
surface  of  the  block  facing  the  particle  beam  near  the  zero 
crossing  of  the  field,  since  they  add  net  steering  of  the  particle 
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beam  and  contribute  in  a  random  way  to  the  field  error  of  the 
device. 

An  additional  factor  for  the  Nd-Fe-B  magnets  is  the 
temperature  behavior  of  the  magnetic  moment.  Because  of 
their  lower  magnetic  transition  temperature,  the  magnets  have 
a  larger  temperature  coefficient  than  the  cobalt-based  alloys. 
Representative  data  for  the  temperature  variation  of  a  typical 
Nd-Fe-B  mapet  used  in  the  construction  of  IDs  shows  a 
relative  variation  of  the  mametic  moment  of  the  block  of 
approximately  12  parts  in  10^  per  °C.  For  the  undulator,  this 
translates  into  a  systematic  variation  in  the  K-value  and, 
hence,  the  harmonic  energy.  The  harmonic  energy  variation  of 
the  undulator  with  respect  to  the  mapetic  field  ccvresponds  to: 

AE/E=-(K2/(1+k2/2))AB/B. 

For  a  K-value  of  1,  the  temperature  variation  in  B  results  in 
approximately  the  same  magnitude  shift  in  the  harmonic 
energy.  This  should  be  compared  with  the  width  of  the 
harmonic,  which  depends  primarily  on  the  number  of  periods, 
the  harmonic,  the  emittance  of  the  storage  ring,  and  the 
limiting  apertures  of  the  experiment.  For  a  hundred-period 
device,  the  variation  in  the  energy  caused  by  a  1  T  change  in 
temperature  corresponds  to  approximately  1/10  of  the  natural 
bandpass  (AE/E)  for  the  3rd  hamonic  with  no  emittance. 

For  the  wiggler,  the  temperature  variation  in  the 
moment  will  result  in  the  same  magnitude  shift  in  the  critical 
energy  of  the  device. 

B.  Effect  on  Spectral  Properties 

In  a  perfect  ID  with  infinite  width,  the  magnetic  field 
can  be  completely  described  in  terms  of  a  unique  peak  field  ana 
magnetic  p^od.  The  errors  mentioned  above  introduce  both 
systematic  and  random  variation  in  the  field.  In  the  simplest 
picture,  the  field  is  assumed  to  be  described  by  a  peak  field  Bq 
plus  an  error  field  ABi,  which  depends  on  the  pole  considered. 
As  an  approximation,  the  error  fields  are  assumed  random  with 
a  Gaussian  distribution. 

Kincaid  [7]  did  the  pioneering  work  of  predicting  the 
eRect  of  random  non-correlai^  errors  on  the  spectral  ptopea<cs 
of  undulators.  There  are  two  effects  resulting  from  field  errors 
distributed  in  the  device.  The  first  is  that  the  net  steering  of 
the  particle  beam  through  the  device  will  not  be  zero.  Each 
pole  will  contribute  steering  due  to  the  error  field  of  jABidz. 
An  example  of  the  steering  introduced  by  a  1%  difference  in  a 
peak  field  at  a  given  pole  is  shown  in  Fig.  2  As  can  be  seen, 
the  error  field  will  cause  a  kick  in  the  particles  trajectory  angle 
and  result  in  a  displacement. 

Such  displacements  are  detrimental  if  the  magnitude 
of  the  kick  angle  is  larger  than  the  intrinsic  divergence  of  the 
undulator  given  in  Section  2.  For  the  case  of  a  zero-emittance 
particle  beam,  this  can  be  shown  [8]  to  result  in  an  allowable 
integrated  dipole  field  error  of  <  1704/N'/2G.cm.  This,  in 
effect,  is  equivalent  to  maintaining  steering  kink  to  within  the 
natural  divergence  cone  of  the  undulator. 

With  emittance,  the  kick  will  depend  on  the 
divergence  of  a  given  particle  in  the  beam  and,  as  a  result,  an 
analytical  convolution  of  the  beam  emittance  effects  and  fields 
causing  steering  is  not  possible.  Full  numerical  calculations 
are  required. 
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Fig.  2  Steering  caused  by  an  1  %  increase  in  a  pole  for  a 
hybrid  structure  with  a  peak  field  of  0.46  T  and  period  of  7.S 
cm. 

The  error  field,  AB;,  also  contributes  to  a  phase  error 
associated  with  the  difference  in  the  time  the  particle  spends  in 
each  pole  region.  This  phase  error  exists  whether  steering  is 
present  or  not  and  introduces  statistical  fluctuations  in  the 
photon  pulse  trains  and,  for  the  undulator,  results  in  a  loss  of 
intensity  and  broadening  of  the  harmonic.  For  small  steering 
errors  (<0.S%),  the  phase  errors  can  be  convoluted  with  the 
emittance  to  obtain  the  combined  effect.  In  general,  however, 
calculations  for  the  specific  error  field  distribution  are  required 
if  the  performance  is  to  be  predicted  accurately.  Numerical 
calculations  [9]  have  shown  that  the  degradation  not  only 
depends  on  the  error  field  but  also  on  the  detailed  distribution. 
In  any  case,  random  field  errors  will  be  less  than  O.S%  in  most 
cases  for  the  new  storage  rings  [10].  Table  1  shows  typical 
values  achieved  for  an  APS  prototype  undulator  installed  on 
the  VUV  ring  at  the  National  Synchrotron  Light  Source.  Also 
riiown  are  field  requirements  expected  for  the  undulators  at  the 
APS.  Similar  results  have  been  obtained  for  a  3.3  cm  period 
prototype  undulator. 

Table  1.  Measured  parameters  of  the  APS  prototype  undulator 
at  a  minimum  magnet  gap  of  34  mm. 


Measured  (NSLS) 

APS 

Period 

7.5 

. 

Number  of  Periods 

27.5 

. 

Minimum  Gap  (mm) 

34.0 

10 

Peak  Field  (kG) 

4.60 

- 

(AB/B)rms  (%) 

0.22 

0.3 

Gap  Resolution  (pm) 
Transverse  Rolloff  (%)  in 

4 

2.5 

+lcm 

0.1 

0.1 

Steering  Error  (G-cm) 

13 

<100 

Integrated  Quadrupole  (G) 

7 

<40 

Skew  Quadrupole  (G)  < 

10 

<20 

Integrated  Sextupolc  (G/cm) 

60* 

<100 

Both  the  steering  and  phase  errors  effects  are  the  result 
of  field  errors,  which  depend  on  several  parameters.  First,  they 
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depend  on  the  mechanical  tolerances  of  the  pole  and  magnet 
placement  and  pole  shape.  Variations  in  the  effective  gap 
between  poles,  for  example,  can  result  in  variations  in  the 
magnetic  field.  The  mechanical  tolerances  on  pole  and  magnet 
placement  and  dimensions  are  between  20  and  100  pm  for  third 
generation  IDs  [11,12].  Field  errors  are  also  associated  with 
magnet  block  properties.  Upper  limits  on  moment 
distributions  and  (xientadon  errors  are  on  the  order  of  1%  and  1 
degree.  These  values,  combined  with  the  required  remanent 
field,  Bf,  and  the  third  quadrant  behavior  of  the  coercive  force. 
He,  are  stringent  specifications  for  the  Nd-Fe-B  magnet  blocks. 
Limits  on  the  inhomogeneities  are  under  investigation  and 
attempts  to  measure  surface  fields  are  in  progress  [13]. 

C.  Effect  of  Errors  on  Storage  Ring 

As  mentioned,  a  perfect  ID  with  a  finite  width  will 
show  both  horizontal  and  vertical  focusing  of  the  particle 
beam.  In  general,  the  y-component  of  the  field,  By,  can  be 
given  as  a  series  expansion: 

By(x,y=0,z)=!By(x=0,y=0,z)(l+Qx+Sx2+...) 

where  Q  is  the  quadrupole  and  S,  the  sextupole  component. 
The  full  quadrupole  field  involves  both  x  and  y  as  well  as  a 
skew  component  with  principle  axes  rotated  by  45°.  The  skew 
quadrupole  mixes  x  and  y  and  results  in  a  larger  coupling 
constant  and,  hence,  vertical  emittance.  The  sextupole 
component  involves  terms  like  x^.y^  and  xy.  In  a  real  device, 
the  multipoles  result  from  errors  in  the  magnetic  structure. 
The  quadrupole,  for  example,  is  the  result  of  pole  canting 
errors.  For  a  hybrid  device,  the  Bx  component  is  suppressed  at 
the  pole  surface  resulting,  in  principle,  in  a  reduced  skew 
quadrupole. 

Of  interest  to  the  performance  of  the  storage  ring  is 
the  integrated  multipoles  over  the  length  of  the  ID  within 
some  specified  good  field  region  of  the  device.  The  acceptable 
values  depend  on  the  sensibility  of  the  storage  ring  to  the  ID, 
and  its  ability  to  correct  the  effects  of  the  higher  moments. 
Since  many  IDs  will  be  installed  on  the  new  rings,  the 
combined  perturbation  to  the  lattice  must  be  considered. 

Measurement  of  the  integrated  multipoles  by 
scanning  point  probes  or  rotating  coils  are  difficult  and  require 
in  many  cases,  a  precision  slightly  beyond  the  state  of  the  art. 
Measurements  of  these  moments  using  the  storage  ring  for  the 
APS  7.S  cm  prototype  undulator  are  in  progress.  For  an 
earlier  APS  prototype  device  with  a  3.3  cm  period  and  2  m 
length  installed  on  the  Cornell  High  Energy  Storage  Ring 
operating  in  a  special  low-emittance  mode,  the  moments 
determined  by  the  storage  ring  measurements  were  consistent 
with  magnetic  field  measurements.  Correlations  of  this  type 
are  necessary  if  reliable  predictions  concerning  the 
performances  of  IDs  on  the  new  storage  rings  are  required. 

For  the  case  of  the  APS,  the  values  of  the  integrated 
moments  are  given  assuming  34  devices  on  the  storage  ring. 
The  values  are  within  the  correction  capabilities  of  the 
magnets  within  the  lattice.  Only  the  sextupole  component  is 
significantly  different  with  a  value  of  0.5  T/m  compared  to 
1  T/m  for  the  APS. 

The  origin  of  the  higher  moments  for  real  devices  is 
still  under  intense  scrutiny.  Both  the  sextupole  and  skew 


qijfcdrupoles  require  further  evaluation  for  the  hybrid  structure 
whe.  suppression  of  the  moments  should  occur.  This  is  most 
likely  the  result  of  the  detailed  spatial  distribution  of  the  error 
field  near  the  surface  of  the  magnets. 

A  new  three  dimensional  model  that  treat  these  effects 
has  recently  been  developed  [13].  If  successful,  the  model  will 
permit  the  prediction  of  higher  moments  and  error  fields  from 
localized  perturbations  in  the  magnet  block. 
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Abstrac$ 

The  NSLS  Prototype  Small-^  ..  Undulator  (PSOU)  will 
aetve  aa  a  tool  to  study  lifetimi  >adation  and  the  onset  of 
beam  instabilities  as  the  beam  duct  ^lerture  is  decreased.  The 
device  will  consist  of  a  variable-gap  vacuum  vessel  and  a 
permanent  magnet  undulator,  with  independent  magnet-gi^) 
control.  The  vacuum  vessel  design  atten^ts  to  minimize  both 
residual  gas  pressures  and  beam  in^iedances.  The  undulator 
will  be  320  mm  long  and  utilizes  a  pure-permanent-magnet 
structure  with  6  blocks  per  16  mm  period.  For  a  nominal 
operating  aperture  of  4  mm.  PSOU  will  produce  a  peak 
brightness  in  the  fundamental  and  third  harmonic  of  7x10** 
and  1x10**  photons«sec'*«mrad'^«mm'^«(0.1%  BW)'*  at 
photon  energies  of  2.S  keV  and  7.S  keV,  respectively. 

I.  INTRODUCTION 

For  storage  rings  used  to  produce  synchrotron  radiation, 
an  irqiortant  constraint  on  the  operation  of  insertion  devices 
is  the  minimum  allowed  magnet  gq>.  A  typical  insertion 
device,  wiggler  or  undulator,  consists  of  a  periodic  magnetic 
structure,  built  surrounding  the  vacuum  duct  in  which  the 
stored  beam  circulates.  The  minimum  magnet  gap  restricts 
the  inner  aperture  of  the  vacuum  duct.  If  this  aperture  is  de¬ 
creased,  the  performance  of  the  storage  ring  may  be  degraded 
through  a  reduction  of  beam  lifetime,  or  through  the  onset  of 
beam  instabilities,  which  mav  arise  from  the  transverse 
coiq[>ling  impedance.  Beam  lifetime  depends  on  the  beam  duct 
physical  ^)erture  and  on  the  residual  gas  pressure  in  the  beam 
duct.  If  the  limiting  physical  ^Kiture  in  the  storage  ring  is 
located  in  the  insertion  device,  elastic  scattering  of  beam 
particles  on  residual  gas  nuclei  anywhere  in  the  ring  can  result 
in  particle  loss  at  the  insertiou  device.  In  addition,  the 
residual  gas  pressure  inside  the  insertion  device  influences 
other  lifetime-determining  mechanisms,  such  as  bremsstrah- 
lung  on  nuclei,  scattering  on  electrons,  and  ion  trapping. 
Photon-stimulated  desorption  and  thermal  desorption  of  gas 
molecules  from  the  beam  duct  walls  are  promoted  by  synchro¬ 
tron  radiation.  Thermal  desorption  is  also  promoted  by 
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con^ronent  heating  through  longitudinal  coupling  impedances. 
The  residual  gas  pressure  inside  the  insertion  device  from 
these  sources  generally  increases  as  the  aperture  is  decreased, 
since  a  small  aperture  decreases  the  pumping  conductance  of 
the  duct. 

On  the  other  hand,  the  performance  of  insertion  devices 
is  enhanced  by  decreasing  the  minimum  magnet  gi^.  The 
peak  on-axis  magnetic  field  is  increased.  For  a  tunable  undu¬ 
lator,  the  tuning  range  is  extended.  Also  for  undulators,  siiKe 
the  ratio  of  the  gap  to  the  undulator  period  exponentially 
influences  the  radiated  output  power,  a  reduced  magnet  gap 
permits  a  reduction  of  undulator  period,  to  produce  higher 
photon  energies. 

The  NSLS  Prototype  Small-Oap  Undulator  (PSOU)  will 
serve  as  a  tool  to  study  some  of  the  effects  which  degrade 
storage  ring  perfomoance  as  the  beam  duct  aperture  is  de¬ 
creased.  It  consists  of  a  variable-gap  vacuum  vessel  and  a 
permanent-magnet,  small-period  undulator  with  independent 
magnet  gap  control.  In  the  following  sections,  the  design 
concept  of  the  vacuum  vessel,  and  some  details  related  to  it, 
will  be  presented,  followed  by  a  description  of  the  permanent- 
magnet  undulator,  its  design  parameters,  and  anticipated 
performance. 

II.  Variable  -  Gap  Vacuum  Chamber 

A.  Design  Concept 

The  PSOU  vacuum  chamber  concept  is  illustrated  in  Fig. 
1,  and  borrows  heavily  from  the  design  of  the  LBL/SSRL  S4- 
Pole  Wiggler  [1].  The  figure  presents  a  cross  section  as  seen 
along  the  stored-beam  direction.  Deep  wells  extend  toward 
the  beam  from  top  and  bottom  wire-sealed  flanges.  Top  and 
bottom  bellows  permit  the  distance  between  the  wells  to  be  in¬ 
creased  and  decreased  by  actuators  tied  between  the  flanges, 
outside  the  chamber.  The  bottoms  of  the  wells,  nearest  the 
stored  beam,  are  thiimed,  and  the  magnet  beam  arrays  for  the 
undulator  are  inserted  into  the  wells,  against  the  thinned 
sections.  The  outer  vacuum  wall,  between  the  bellows, 
remains  fixed  in  position,  and  contains  ports  for  pumps, 
gauges,  etc. 

This  concept  holds  a  number  of  important  features  for  a 
study  of  aperture  effects,  beyond  the  ability  to  vary  the 
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Figure  J.  PSGU  vacuum  chamber  concept. 


aperture  directly.  Stoirge  ring  iniection  may  require  a  larger 
^rture  thaa  t^t  used  for  stored-beam  operations,  and  this 
requirement  is  easily  accommodated.  A  low  residual  gas 
pressure  inside  the  device  is  important,  as  mentioned  in  the 
previous  section.  This  impl'es  provision  for  effective  purtqiing 
of  the  minimum-apt^rture  region,  and  for  thorough  bake  out 
rad  conditioning  of  the  vacuum  vessel  In-situ.  The  present 
concept  permits  removal  of  temperature-sensitive  ccmponents, 
i.e. .  die  permanent-magnet  undulator,  end  the  precision  drive 
mechraisms,  for  in-situ  bake-out  of  the  vessel.  In  addition,  a 
combinatiAo  of  pumping  ~i.i!  ..nk  con  be  utilized  to  reduce  the 
gas  preesure  in  the  miramum-apeiture  region. 

B.  Daign  Details 

Fig^ure  2  illustrates  the  layout  of  the  X13  insertion 
straight  of  the  NSI^  X-Ray  Ring,  a  2.5  GeV  electron  storage 
ring  designed  for  synchrotron  radiation  production.  PSGU 
wi't  occiqiy  the  center  of  tne  straight,  while  downstrear^  the 
NbuS  Mini-Undulator  [2]  will  be  mslalled.  Upstream,  an 
insertablo,  water-cooled  photon  absorber  will  be  used  to  block 
synchrotron  radiation  coming  from  the  upstream  bend  magnet. 
When  inserted  to  within  IS  mm  of  the  beam  duct  center,  1 10 
W  of  radiation  is  absorbed.  The  shadow  of  the  absorb;!  then 
‘^Ji'inds  Uauugh  PSGU  and  the  Mini-Undulator,  and  finaliy 
ends  beyond  the  downstream  sector  valve.  This  will  help 
reduce  the  residual  gas  pressure  due  to  photon-stimulated  and 
thermal  desorption  in  the  straight.  Electron  beam  position 
monitors  are  installed  at  the  upstream  and  downstream  ends  of 


the  straight,  as  well  as  in  the  upstream  and  downstream  ends 
of  the  PSGU  minimum-aperture  region.  Downstream  ol  the 
straight  section,  out  on  the  experimental  fkwr,  the  X13 
beamline,  operated  by  the  NSLS  Beamline  RAD  Groiqi,  is 
equipped  with  photon  beam  position  monitors  and  other 
diagnostics,  and  ties  into  a  closed-loop  feedback  system  for 
electron  beam  position  stabilization. 

The  NSLS  X-Ray  Ring  insertion  straights  are  low 
straights,  with  0^  =  1.7  m,  0y  »  0.35  m  at  the  straight 
center.  The  limiting  vertical  aperture  in  the  ring  is  the 
standard  extruded  aluminum  beam  duct  at  ffytoMX,  i.e.,  42  mm 
at  a  function  of  27.S  m.  The  minimum-aperture  region  in 
PSGU  extends  ±  200  mm  of  the  straight  center,  which  implies 
a  small-gap  limit  of  S.S  mm,  without  reducing  the  vertical 
acceptance.  The  PSGU  vacuum  chamber  is  designed  to  open 
to  a  20  mm  iqieiture  and  to  close  essentially  to  zero.  Our 
nondnal  design  goal  is  operation  at  an  qierture  of  4  mm, 
although  the  practical  limit  will  be  found  experimentally. 

As  mentioned  in  the  Introduction,  transverse  and  longitu¬ 
dinal  cor  pling  impedances  contribute  to  beam  instabilities  and 
component  heating,  respectively  The  worst-case  resistive-wall 
power  deposition  is  estimated  at  3  W  for  a  2  mm  aperture. 
This  results  in  an  acceptable  maximum  temperature  rise  of 
about  S*C.  Instabilities  may  be  significant  above  100  mA 
stored  beam  current  for  the  same  2  mm  aperture,  but  at  the 
nominal  4  mm  value,  the  beam  should  be  stable  to  250  mA, 
the  maximum  current  f 'esently  anticipated.  Transitions  is  and 
out  of  the  minimum-aperture  region  are  also  important  for  the 
impedances  they  can  generate.  Reduction  of  impedances 
require.,  a  smooth  continuous  conductive  path  for  beam  image 
currents  throughout  the  straight  section.  We  plan  to  use 
flexible  metal  sheets  to  make  the  transitions  between  the 
minimum-aperture  region  and  the  regions  upstream  and 
downstream.  In  addition,  a  program  to  experimralally 
measure  longitudinal  and  transverse  coupling  impedances  of 
pt  •osed  designs,  using  the  methods  reported  by  Walling  et  al. 
13],  is  presently  underway. 

III.  PSGU  Magnet 

The  parameters  for  ihe  PSGU  c  agnet  are  summarized  in 
Table  1.  It  uses  the  high-performance  6-block-per-^riod 
version  of  the  Halbach  pure-permanent-magnet  (PPM)  design 
a.  developed  by  Rocketdyne  [4].  This  design  makes  possible 
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Tabu  1 

PSGU  Magnet  Parameters 


Construction 

6-Block  PPM 

Period, 

16mm 

Length,  L 

320mm 

Magnet  Gap  Range,  g 

18  mm  -  4  mm 

Deflection  Parameter  Range,  K 

0.1  - 1.5 

Peak  On-Axis  Field 

64  mT- 1.0  T 

Magnet  Alloy 

NdFeB 

Remanence,  Br 

1.2  T 

9  Nominat  Gap 

Chamber  Aperture 

4.0  mm 

Magnet  G^ 

6.0  mm 

Peak  On-Axis  Held 

0.68  T 

Deflection  Parameter,  K 

1.0 

peak  field  values  comparable  to  the  Halbach  hybrid  design  [5], 
but  retains  the  benefits  of  an  "iron-free*  design,  nanaely  the 
applicability  of  superposition.  Figure  3  presents  a  schematic 
view  of  the  construction.  To  minimize  field  errors,  several 
stages  of  characterization,  followed  by  simulated  annealing, 
are  performed.  Individual  blocks  are  first  characterized  and 
sort^  into  triplet  modules  of  equal  strength.  For  PSGU,  the 
blocks  in  a  triplet  are  bonded  together  and  post-macliined  to 
precise  dimensions.  The  triplets  are  then  characterized  and 
ordered  to  simultaneously  minimize  normal  and  skew  multi¬ 
pole  errors  and  optimize  performance.  Finally,  the  partially- 
assembled  magnet  beams  are  mapped  and  end  blocks  selected 
to  minimize  beam  steering  and  displacement. 


The  anticipated  performance  of  PSGU  at  the  nomiiul 
magnet  gap  of  6  mm  is  summarized  in  Table  2,  for  the 
fundamental  and  3rd  harmonic.  These  values  include  the 
emittance  of  the  NSLS  X-Ray  Ring.  The  photon  energy  of  the 
fundamental  was  chosen  to  be  the  sulfur  K  absorption  edge,  in 
anticipation  of  possible  intere'  in  S  microscopy  or  near-edge 
spectroscopy.  In  terms  of  flux  and  brightness  at  this  energy, 
PSGU  will  provide  at  least  comparable  performance  to  the  best 
existing  sources. 


Table  2 

PSGU  Magnet  Performance* 


Q  Nominal  Gap,  g  =  6.0  mm 

Harmonic 

FundamcnUl 

3rd 

\iut 

4.9A 

1.6A 

2.5kcV 

7.5kcV 

Peak  Brightneiit 

7x10'* 

1x10'* 

Central  Cone  Flux^ 

4x10'* 

7x10'* 

Total  Radiated  Power 

150  W 

Tuning  Range 

Gap  Range,  g 

18  mm  -  4  mm 

\)M1 

3.3A-6.9A 

1.1A-2.3A 

‘••’out 

3.8keV-1.8keV 

11.3keV-5.4keV 

•NSLS  X-Ray  Ring,  E=2.53  CeV,  1=250  mA. 
tPhoton»*iec’'  •mrad’ *»mm'*»(0. 1  %  BW)’* . 
tPholon»»»ec-'«(0.1%  BW)->. 
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1098 


Operation  of  Synchrotron  Light  Sources  with  Multiple  Insertion  Devices* 


John  Galayda 

Argonne  National  Laboratory 
Advanced  Photon  Source 
Argonne,  IL 

Anne-Marie  Fauchet 
National  Synchrotron  Light  Source 
Brookhaven  National  Laborator 
Upton,  NY 


Abstract 

The  stability  requirements  of  the  next  generation  of 
synchrotron  radiation  facilities  have  been  achieved  on 
insertion  device  beamlines  of  existing  rings.  However,  one 
insertion  device  (10)  affects  the  stored  beam  and  hence  the 
performance  of  tdl  the  other  beamlines.  Since  the  effects  of 
the  undulators  are  cumulative,  higher  levels  of  performance 
are  required  of  the  accelerator  in  order  to  meet  and  exceed 
present  day  standards  in  rings  with  many  undulators. 

This  paper  will  report  experience  to  date  in  the  areas 
mentioned  above  at  several  multi-undulator  facilities  and 
efforts  to  address  these  problems  at  facilities  in  the  planning 
and  construction  phase.  Section  n  will  treat  orbit  control  and 
feedback.  Section  III  will  describe  work  on  linear  and 
nonlinear  effecu  of  ideal  undulators  in  accelerators.  Section 
IV  will  mention  undulator  imperfections  and  the  demands 
they  make  on  the  accelerator  control  system. 

I.  Orbit  CONTROL:  feedback 

Orbit  stability  requirements  must  be  consistent  with  the 
emittance  of  the  ring  to  satisfy  all  users’  needs  regardless  of 
differences  in  beamline  designs.  For  this  reason,  the  motions 
of  the  stored  beam  must  be  limited  to  10%  of  the  rms 
beamsize  and  10%  of  the  rms  opening  angle  at  the  source 
point.  This  corresponds  to  a  O.S%  change  in  the  X-Ray  flux 
through  an  entrance  slit  of  width  equal  to  twice  the  rms  beam 
size.  Table  1  shows  the  beam  stability  requirements  at  APS 
and  the  NSLS  X-Ray  Ring.  The  vertical  emittances  are 
based  on  10%  cou/  'ing.  At  APS.  the  listed  vertical  motions 
could  be  induced  by  a  1-2  micron  displacement  of  a  single 
quadrupole  in  the  ring  or  by  a  changing  magnetic  field  with 
integrated  strength  0.2  gauss -meter.  Despite  the  larger 
emittance  of  the  NSLS  X-Ray  Ring,  the  beam  position 
requirements  and  the  tolerance  on  quadrupole  motions  and 
stray  fields  are  comparable  to  APS.  This  is  because  the  beta 
functions  in  the  ID  straight  section  are  much  smaller  than  at 
APS  and  the  2.S  GeV  NSLS  electron  beam  is  less  rigid. 
Feedback  orbit  control  will  be  essential  to  achieving  the 
necessary  stability. 

•Work  suppcried  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences  under  Contract  No.  W-31-109-ENG-38. 

U.S.  Government  work  not  protected  by  U.S.  Copyright, 


Table  1 

Orbit  Control  Requirements  at  APS  and  NSLS  X-Ray  Ring 


»x 

<X 

5X' 

'y 

«Y 

8Y' 

APS  8nm 

30  am 

2  arad 

0.8  nm 

9  am 

0.9  and 

X-Ray  100  nm 
Ring 

37  <un 

27  atad 

10  nm 

6  am 

17  arad 

Local  feedback  orbit  control  systems  are  in  widespread 
use  at  synchrotron  radiation  facilities.  The  SPEAR  ring  has 
9  local  feedback  loops  installed,  servicing  4  ID  beamlines. 
The  NSLS  X-Ray  ring  has  10  local  loops  in  use  during 
normal  operations. 

The  performance  of  a  single  feedback  loop  is  limited  by 
the  sensitivity  of  the  detector,  the  gain  (determined  by  the 
loop  stability),  and  the  voltage  and  current  available  to  the 
steering  magnets.  When  more  "local"  loops  are  implemented 
on  a  storage  ring,  deviations  from  locality  of  the  bumps  in 
one  loop  result  in  an  interaction  with  all  the  other  loops  in 
the  ring.  The  interaction  can  reduce  the  efficacy  of  the  loops. 
If  the  coupling  between  loops  is  strong  enough,  the  system  of 
lo(^  could  become  unstabte. 

Figure  I  shows  a  diagram  of  a  feedback  loop  that 
controls  the  ampliuide  of  a  local  orbit  bump  so  as  to  null  the 
ouqiut  of  a  single  beam  position  monitor.  It  is  configured  to 
reduce  the  beam  motion  X  observed  on  the  detector  by 
powering  a  bump  that  subtracts  a  quantity  x  from  X.  The 
beam  position  monitor  has  an  output  V  proportional  to  x-i-X : 

BPM  output  V  =  X+x 

but  X  is  produced  by  a  "local"  bump  whose  amplitude  is 
proportional  to  V: 

Feedback  bump  x  =  -G  ♦  V 

so  that 

(X+x)  =  X/(G+l) 

The  ambient  beam  noise  X  is  reduced  by  a  factor  (G+1). 

We  can  generalize  this  treatment  to  an  array  of  N 
"almost  independent"  feedback  loops.  The  i’th  loop  has  a 
single  beam  position  monitor.  Its  output  voltage  is 
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intended  to  create  a  beam  motion  xi  that  is  detected  only  by 
the  very  same  ( i’th)  monitor.  There  is  a  practical  limit  to 
how  local  a  bump  can  be,  however.  The  i’th  BPM  still  sees 
only  the  motion  at  its  own  observation  point: 

Vi  =  Xi*Xi 


where  p  is  even  if  the  sequence  fro”’ 

1, 2, 3,.,N  by  an  even  number  of  permutations  and  odd  if  an 
odd  number  of  permutations  is  required.  The  determinant 
has  one  term  equal  to 

All  •  "^22  •  A33  •■••••  Ann 


But  now  the  applied  correction  xi  gets  contributions  from  all 
the  other  feedback  loops: 


Closing  the  loops  results  in  an  orbit  correction  described  by 
the  matrix  equation: 


X  +  x  =  (G+ir^*X 


Figure  1.  Schematic  of  local  feedback  loop  •  V  is  the 
detector  output. 


and  many  of  terms  proportional  to  products  of  the  A’s  and 
b’s.  If  we  say  that  ^1  the  Ajj’s  are  proportional  to  a  scaling 
parameter  A  and  all  the  bij’s  are  proportional  to  another 
scaling  parameter  b,  we  can  show  that  the  terms  of  the  sum 
can  be  grouped  by  powers  of  A  and  b  and  we  can  place  an 
upper  limit  on  how  many  terms  of  a  given  order  appear  in  the 
sum.  We  may  choose  the  smallest  of  the  Ajj’s  to  be  A  and 
the  largest  of  the  bij’s  to  be  b  and  we  can  make  the  worst- 
case  assumption  that  all  the  terms  of  order  have  sign 

opposite  to  the  A^  term. 

How  many  terms  in  the  sum  are  proportional  to 
^(N-m) .  ijmo  There  arc  [N!/((N-m)!m!)]  ways  to  choose 
the  (N-m)  A’s  from  the  set  of  N  A’s  available  to  us.  Then 
we  must  choose  m  b’s  so  that  they  share  no  row  or  column 
with  either  the  A’s  or  the  b’s  we  have  already  chosen.  We 
can  overestimate  the  number  of  ways  to  choose  the  b’s.  Once 
we  have  selected  the  N-m  rows  that  will  donate  their  A’s  to  a 
given  term  in  the  sum,  we  must  choose  m  off-diagonal 
matrix  elements  from  the  m  -  m  submatrix  constructed  by 
eliminating  all  rows  and  columns  which  have  donated  their 
A’s.  This  m  •  m  matrix  still  contains  one  A-term  and  (m-I) 
b-terms  in  each  row.  We  overestimate  the  number  of  ways 
we  can  choose  the  remaining  b’s  as  (m-I)!  since  we  must 
choose  the  b’s  so  that  none  share  the  same  row  or  column  in 
the  m  •  m  submatrix.  The  result  is  that  the  sum  of  all  terms  of 
order  less  than  A^  in  the  determinant  is  less  than 


N 

det  IG+ll 


Kt (m-1) ! 
(N-m)  !m! 


Again  we  make  an  overestimate: 


In  order  to  have  a  stable  system  of  N  feedback  loops,  the 
matrix  (G+1)  must  have  a  nonzero  determinant.  We  can 
establish  a  somewhat  stringent  condition  sufficient  for 
stability  by  writing 

A  b  b  . . .  b 
11  12  13  IN 

(G+l>  =  g  **21  ^22  ^23  '  '  *’2N 

,  \l  ^N2  ^N3’  '^N  N-1  \n 

where  the  A’s  are  all  of  order  one  and  the  b’s  are  all  stisaller 
because  they  represent  the  deviations  from  perfect  locahtj'  of 
the  feedback  correction  bumps.  The  deierminanl  of  a  matrix 
M  may  be  written  as  the  sum 


IMI  =  “ij  “21 

permutations  ^1  ^2 


N! 

(N-m)  ! 


The  determinant  is  bounded  by 

N 

det  IG4-1I  A.. 

j=l  3D 


N 

[Nb]®l 
A  Z —  *  — 

m=:2  (A  m 


If  the  sum  is  less  than  1 ,  the  determinant  cannot  be  zero. 
Since  b  measures  the  deviation  of  the  bump  from  perfect 
locality,  we  conclude  that  a  ring  like  APS  with  up  to  78  local 
feedback  loops  in  each  plane  must  have  bumps  local  to  about 
1%  precision  just  to  guarantee  stability  of  the  system.  The 
locality  condition  must  be  maintained  over  the  working 
frequency  range  of  the  feedback  systems,  demanding  great 
precision  in  the  matching  ol  frequency  response  of  different 
steering  magnets. 

Even  if  the  system  of  loops  is  stable,  the  correction 
factor  may  be  larger  than  intended  and  even  greater  than  one. 
C.  J.  Bocchetta  and  A.  Wrulich  [1]  have  studied  the 
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correction  factor  of  stable  systems  of  coupled  loops  by 
estimating  the  worst-case  correction  factor.  They  do  this  by 
finding  the  largest  eigenvalue  for  the  correction  matrix 
(1+G)'*.  They  investigate  some  specific  error  arrangements 
and  prove  that,  in  the  case  that  ^1  the  error  terms  bij  are 
equal,  the  stability  of  the  correction  requires  b  <  1/N.  They 
go  on  to  investigate  transient  responses  of  the  system  of 
loops.  Their  model  assumes  an  iterative  correction  scheme 
that  samples  the  beam  position.  In  the  worst  case,  stability 
required  a  sampling  rate  at  least  twelve  times  the  highest 
frequency  noise  to  be  corrected. 

Since  the  stability  margin  of  a  multiloop  system  is 
increased  as  the  the  number  of  loops  is  reduced,  global 
harmonic  systems  are  attractive  alternates  or  supplements  to 
a  large  number  of  local  feedback  loops  [2].  Superposition  of 
global  and  local  feedback  loops  at  the  NSLS  X-Ray  Ring 
showed  that  global  loops  and  enhance  the  performance  of 
local  loops. 

NSLS  global  feedback  systems  use  analog  electronics  to 
process  and  filter  the  orbit  error  signals  into  analog  command 
voltages  to  the  steering  magnets.  APS  and  other  machines 
under  construction  will  utilize  digital  signal  processing  and 
transmission  to  implement  global  and  local  feedback  loops. 
In  this  case  the  orbit  correction  algorithm  can  emulate  local 
feedback  loops,  global  harmonic  feedback,  or  any  other 
algorithm  that  proves  successful  as  an  orbit  correction 
applications  program.  This  approach  requires,  however,  that 
the  minimum  increment  in  steering  magnet  current  must 
steer  the  beam  through  an  angle  that  is  small  compared  to  the 
stability  criterion,  i.e.,  less  than  one  microradian. 
Furthermore,  the  correction  commands  must  be  obeyed  in  a 
time  that  is  short  compared  to  the  required  response  time  of 
the  feedback  loops,  otherwise  the  digital  feedback  system 
will  cause  transients  in  orbit  motion  that  exceed  the  error  to 
be  corrected.  Fortunately  the  necessary  digital  signal 
processing  hardware  and  high  speed  coimnumcation  unks  are 
already  commercially  available.  Indeed,  the  KEK  Photon 
Factory  [3]  already  Im  a  digital  global  feedback  system  that 
consists  of  an  orbit  correction  application  program  running 
continuously  in  its  control  computer.  The  effective 
bandwidth  is  a  small  fraction  of  a  Hertz,  but  the  system  is 
nonetheless  a  valuable  part  of  PF  operations. 

n.  LINEAR  AND  NONLINEAR  BEAM  OPTICAL 

EFFECTS  IN  UNDULATORS 

The  field  of  an  ideal  planar  undulator  has  the  form 
By  =  Bq  cos(k  z)  cosh(k  y) 

B^  =  -Bq  sin(k  z)  sinh(k  y) 

where  z  is  the  nominal  direction  along  the  beam  path  and  y  is 
vertical.  The  period  of  the  undulator  X  determines  k 
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Figure  2.  Effect  of  U13  TOK  on  vertical  betatron  functions 
of  the  NSLS  VUV  ring,  before  and  after  local  correction. 


An  ideal  planar  ID  would  cause  absolutely  no  deflection 
of  the  particle  beam  in  the  vertical  or  horizontal  direction, 
and  this  would  be  true  no  matter  what  the  horizontal  position 
or  angle  of  the  beam  as  it  enters  the  device.  Even  in  an  ideal 
ID,  however,  there  is  a  vertical  focussing  term.  Each  pole  of 
the  ID  causes  fringe  field  focussing,  as  does  any  bending 
magnet. 

The  vertical  focussing  of  the  beam,  when  averaged  over 
a  period  of  the  undulator,  is  given  by  [4] 

y"  +  sinh(2ky)/(4k/»2)  =  0 
expanding  the  hyperbolic  sine  gives 

y"  +  y/(2p2)  +  k2y3/(3p2)^0 


The  linear  focussing  term  has  no  dependence  on  the 
undulator  period  while  the  cubic  force  term  increases  with 
the  inverse  squaic  of  the  period,  for  a  fixed  field.  Table  2 
lists  some  insertion  devices  installed  in  the  NSLS  facility  as 
well  as  devices  planned  for  ALS,  APS  and  ESRF.  The  t^le 
includes  computed  values  for  the  vertical  linear  and 
nonlinear  focussing  terms  1/(2  p^)  and  (k'^)/(3  p^),  weighted 
by  the  average  values  of  the  vertical  beta  functions;  <^y>  for 
the  linear  focussing  and  for  the  cubic  force. 

The  deuimental  effects  of  the  ID  on  the  particle  optics 
may  be  resolved  into  two  mechanisms.  First,  the  linear 
focussing  breaks  the  symmetry  of  the  lattice  and 
consequently  the  symmeuy  of  the  beta  functions  and  phase 
advances.  This  effect  may  be  compensated  to  various  levels 
of  precision  by  adjusting  the  qua^upoles  in  the  ring.  The 
simplest  conection  is  to  scale  all  tire  quadrupole  cunents  to 
restore  the  betatron  tunes.  By  using  only  the  quadrupoles 
nearest  the  ID,  the  distortion  of  the  betauron  functions  can  be 
localized  within  the  superpenod  that  contains  the  ID.  This 
action  will  generally  cause  an  error  in  betatron  tune  which 
can  be  corrected  with  a  global  adjustment  involving  almost 
all  the  quadrupoles.  This  "alpha-matching"  technique  is 
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Tabic  2 


ESRF 

ALS 

NSLS  X-Ray  Ring 

NSLS  VUV  RING 

APS 

Undulator 

U3.6S 

U20.0 

XI 

X17 

X25 

US  APS 

U13  TOK 

Undulator 

WIggler 

A 

A 

Bo  (Tesla) 

0.45 

0.61 

i.i 

0.35 

5.0 

1.1 

.46 

.65 

0.86 

1.0 

X  (cm) 

4.4 

3.65 

20.0 

8 

17.4 

12 

7.5 

10. 

3.1 

15 

L(m) 

1.6 

4.9 

4.6 

3 

0.6 

1.7 

2.1 

2.2 

2.5 

1.5 

A  Vy 

.0005 

.007 

.02 

.0005 

.004 

.001 

.016 

.034 

.0113 

.0011 

A* 

675 

8484 

820 

154 

18 

35 

5163 

6065 

4650 

160 

*A  =  4ir2<B2y>L/(3p2x2) 

(m-1) 

exemplified  in  Figure  2,  which  shows  the  uncorrected  and 
corrected  betatron  functions  of  the  NSLS  VUV  ring  with  the 
UI3  TOK  undulator  installed. 

Third-generation  synchrotron  radiation  facilities  arc 
much  less  tolerant  of  asymmetries  in  phase  advance  than  are 
other  rings.  This  is  true  whether  the  asymmetry  is  caused  by 
the  vertical  focussing  of  undulators  or  closed  orbit  errors  in 
the  sextupoles.  A  reasonable  dynamic  aperture  can  be 
achieved  in  such  rings  only  by  careful  placement  of  the  very 
strong  chromaticity-correction  sextupoles,  or  else  by  partially 
cancelling  the  effect  of  the  chromaticity-correction 
sextupoles  with  additional  families  of  harmonic-correction 
sextupoles.  In  principle,  the  linear  focussing  effects  of  the 
ID  could  be  compensated  perfectly.  One  simply  needs 
enough  flexibility  in  adjusting  the  neighboring  quadrupoles 
to  keep  the  transfer  matrices  between  sextupoles  independent 
of  the  ID  strength.  In  practice,  other  lattice  imperf^ections 
may  mask  the  potential  improvement  of  a  "perfect"  linear 
compensation. 

The  lowest-order  nonlinear  focussing  force  of  an 
undulator  has  a  cubic  dependence  on  y  so  one  can  expect 
stopbands  around  4vy  =  integer. 

The  effects  of  undulators  on  ALS  has  been  studied  by 
Jackson,  et  al.  [5].  They  compared  schemes  for  correcting 
the  linear  focussing  and  concluded  that  one  may  use  thr 
defocussing  quads  nearest  the  ID  to  correct  the  vertical  tunes. 
The  horizontal  tune  correction  may  then  be  distributed 
globally  over  almost  all  the  horizontal  focussing  quads. 
They  find  that  the  linear  and  nonlinear  focussing  properties 
of  the  IDs  reduce  the  dynamic  aperture  by  similar  amounts, 
and  that  the  effect  of  the  IDs  is  also  comparable  to  the  effect 
of  magnet  imperfections.  Although  the  undulators  reduce  the 
vertical  dynamic  aperture  significantly,  it  remains  larger  than 
the  physical  aperture. 

Tosi  and  Nagaoka  have  investigated  the  effect  of  helical 
undulators  and  variable-polarization  IDs  in  Elcttra  [6].  IDs 
that  produce  circularly  polarized  radiation  generally  act  like 
optical  elements  with  both  vertical  and  horizontal  focussing. 

Undulators  planned  for  ESRF  [7]  have  fields  and  periods 
consistent  with  the  20  mm  vertical  aperture  of  the  ID  straight 
section.  The  ESRF  ring  energy  is  threefold  that  of  ALS  and 


its  undulators  have  longer  period  lengths.  Hence  one  expects 
and  finds  smaller  changes  in  dynamic  aperture  than  those 
seen  in  ALS  and  Elettra.  Like  ESRF,  linear  focussing  effects 
of  undulators  arc  very  small  in  APS.  Studies  of  nonlinear 
effects  of  undulators  arc  not  yet  complete. 

Evidence  of  the  effect  of  IDs  on  particle  optics  and 
dynamic  aperture  have  been  measured  and  reported  by 
Brunelle  for  Super  AGO  [8]  and  by  Kuske  and  Bahrdt  at 
BESSY  [4).  In  both  rings,  the  effect  of  the  cubic  force  on 
dynamic  aperture  was  investigated  by  measuring  the  beam 
lifetime  as  a  function  of  tune  with  the  sextupole  magnets 
turned  off.  Lifetime  reductions  in  reasonable  agreement  with 
results  of  computer  simulations  of  the  dynamic  aperture  were 
obtained  in  both  cases. 

Detailed  studies  of  the  effects  of  the  Phase  II  insertion 
devices  of  the  NSLS  X-Ray  ring  at  2.5  GeV  are  yet  to  be 
completed.  However,  their  linear  and  cubic  force  terms  are 
expected  to  have  little  effect  because  the  vertical  function 
is  only  0.3S  meters  in  the  ID  straight  section.  Studies 
involving  beam  qjtical  effects  of  the  IDs  will  be  done  at  0.75 
GeV,  the  injection  energy  of  the  X-Ray  ring. 

III.  Undulator  imperfections 

The  imperfections  of  a  state-of-the  art  ID  should  be  too 
small  to  significantly  affect  dynamic  aperture  of  a  typical 
synchrotron  radiation  ring.  However  even  minor  field  errors 
can  disturb  the  orbit  and  linear  coupling  if  the  strengths  of 
the  undulators  are  changed  during  operations.  Steering 
errors  caused  by  gap  changes  in  IDs  must  be  compensated  by 
feedback  and  by  steering  magnets  that  are  programmed  to 
change  as  a  function  of  ID  su-ength. 

If  the  need  for  orbit  stability  is  driven  by  the  need  for 
highly  stable  flux  into  the  acceptance  of  the  photon 
beamlines,  then  it  must  also  be  necessary  to  have  a  high  level 
of  stability  in  the  sk  .  w  quadrupole  fields  as  the  IDs  change 
gap.  If  we  demand  0.5%  stability  in  photon  flux  through  a 
2(7  slit  that  limits  the  beam  vertically,  this  implies  that  the 
vertical  emittance  must  be  stable  to  2%.  The  linear  coupling 
must  therefore  be  held  constant  to  2%  of  its  vatwe.  for  APS 
the  nominal  10%  coupling  must  remain  in  the  range  9.8%. 
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10.2%  to  fulfill  this  criterion.  The  undesirable  consequences 
of  a  beam  size  change  caused  by  magnetic  imperfections  in 
an  ID,  at  SRC  in  Stoughton,  Wisconsin,  were  reported  by 
Trzeciak,  et  al.  [9].  Ironically  the  increased  coupling  caused 
by  changing  the  gap  of  the  ID  improved  the  beam  lifetime  by 
increasing  the  volume  of  the  bunch  and  thereby  reducing  the 
Touschek  loss  rate. 

The  tolerance  on  the  change  in  linear  coupling  can  be 
converted  to  a  magnetic  field  tolerance  for  APS;  the  skew 
quadrupole  of  an  undulator  must  change  less  than  65  gauss 
as  the  gap  changes.  Measurement  techniques  with  the 
necessary  sensitivity  have  been  developed  and  applied,  for 
example,  to  the  NSLS  Phase  II  IDs  [10].  Such  magnet 
measurements  demonstrate  that  this  specification  has  been 
exceeded  by  the  APS  undulator  in  the  U5  beamline  at  NSLS, 
which  has  a  total  (normal  +  skew)  quadrupole  integral  of  10 
gauss  [11]. 

Conceptually  simple  ingredients  are  necessary  if 
synchrotron  radiation  users  are  to  be  permitted  to  change  ID 
strength  at  will.  The  problem  is  not  trivial  as  evidenced  by 
the  fact  that,  at  NSLS,  SPEAR,  SRC,  Super  ACO  and 
Daresbury  SRS,  ID  strengths  are  not  changed  routinely 
during  operations  for  many  users,  although  gap  changes  arc 
permitted  at  SRS.  SPEAR  and  SRC  intend  to  implement 
independent  gap  changes  on  certain  devices  in  these  rings  in 
the  near  future. 

While  the  beam  stability  can  be  affected  by  quite  small 
imperfections  in  IDs,  the  most  important  effects  arc 
fortunately  linear  so  that  the  effects  of  individual  IDs  and 
their  corrections  should  satisfy  superposition.  This  means 
that,  if  the  accelerator  controls  system  is  configured  to 
accommodate  it,  a  matrix  can  be  defined  that  specifies  the 
vector  of  necessary  changes  in  all  accelerator  parameters  in 
terms  of  the  vector  of  all  ID  strengths.  The  necessary 
changes  can  then  be  implemented  automatically  by  the 
controls  system  as  the  users  change  gaps  of  the  IDs. 

SSRL  beamlines  5,6  and  10  are  configured  so  that 
steering  corrections  are  automatically  updated  to  track 
changes  in  magnet  suength.  After  further  studies,  users  will 
be  allowed  to  change  strength  of  the  undulator  at  beamline  5. 
For  the  present,  undulator  strengths  at  SSRL  are  changed 
during  operations  only  after  all  users  have  been  notified. 

Alladin  has  implemented  automatic  gap-dependent 
compensation  of  orbit  errors  so  that  no  motions  larger  than 
20  microns  (vertical)  or  50  microns  (horizontal)  are  caused 
by  changing  the  undulator  gap.  The  change  in  vertical  beam 
size  that  is  coupled  to  gap  changes  must  be  corrected 
automatically  before  unannounced  gap  changes  will  be 
allowed. 

NSLS  allows  changes  of  the  XI  soft  X-Ray  undulator 
strength  during  operations.  The  XI  users  call  the  control 
room  to  request  a  change  and  the  ring  operators  make  the 
change  after  notifying  all  users. 

Only  at  the  KEK  Photon  Factory  are  unannounced  gap 
changes  routinely  performed  in  operations.  Each  of  five  IDs 
has  a  prescribed  range  over  which  it  may  be  changed  without 
disturbing  orbit  stability. 


The  problems  to  be  solved  in  operating  synchrotron 
radiation  rings  with  many  IDs  have  been  and  continue  to  be 
studied  at  facilities  presently  in  operation.  With  sufficient 
care  and  attention  to  detail,  any  problems  caused  by  steering 
errors  and  linear  focussing  properties  in  the  undulators  can 
be  corrected  by  feedback  or  by  commanding  the  necessary 
steering  and  quadrupole  adjustments  in  coordination  with  ID 
strength  changes.  Nonlinear  focussing  effects  may  reduce 
the  beam  lifetime,  but  this  can  be  an  acceptable  price  to  pay 
for  the  use  of  short-period  undulators. 
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Abstract 

This  paper  describes  the  characteristics  of  a  low- 
emittance  configuration  and  it’s  implementation  in 
SPEAR  at  the  Stanford  Synchrotron  Radiation  Labora¬ 
tory  (SSRL)  to  increase  the  photon  beam  brightness.  The 
new  lattice  has  an  emittance  of  129  jrnm*rad  at  3  GeV 
compared  to  the  present  emittance  of  510  )rnm*rad. 

I.  Introduction 

The  storage  ring  SPEAR  is  now  fully  dedicated  to  the 
production  of  synchrotron  radiation  at  SSRL.  Efforts  have 
been  made  and  continue  to  optimize  SPEAR  as  a  syn¬ 
chrotron  radiation  source  including  the  construction  of  a 
dedicated  full  energy  iryecfor[l].  First  beam  from  this  in¬ 
jector  was  injected  into  SPEAR  in  November  1990.  To  fur¬ 
ther  optimize  the  photon  beam  quality  at  SPEAR,  studies 
have  been  conducted  to  maximize  the  photon  beam  bright¬ 
ness  by  reducing  the  particle  beam  emittance.  Low  emit¬ 
tance  configurations  have  been  proposed  previously  for 
SPEAR[2]  [3]  [4],  but  ittjection  into  such  configurations  was 
not  possible  in  a  reproducible  way  because  of  limitations  in 
the  iigection  components.  As  part  of  the  injector  project  a 
third  kicker  was  installed  in  SPEAR  to  accommodate  beam 
ii\jection  into  a  new  low  emittance  configuration[5],  a  con¬ 
figuration  designed  with  the  constraint  that  no  significant 
hardware  changes  were  necessary  for  its  implementation. 
The  emittance  in  the  new  tow  emittance  (LE)  lattice  is 
reduced  by  nearly  a  factor  of  4  compared  to  the  presently 
used  high  energy  physics  (HEP)  optics. 

II.  Lattice  Design 

A.  Linear  Optics 

The  main  criteria  for  designing  the  linear  optics  of  the 
LE  lattice  was  to  maximize  the  photon  brightness  from 
undulators  given  by:[6] 


where  is  the  integrated  flux  and 

where  u  is  either  a*  or  y;  <r,,  rr,i,  ffy,  and  <ry<  are  electron 
beam  dimensions;  A  is  the  photon  wavelength;  and  L  is 
the  length  of  the  undulator.  For  maximum  brightness  we 
require  the  dispersion  to  vanish  in  the  undulator.  = 
i/i  =  0,  the  betatron  functions  to  be 


•Work  supported  by  the  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  Division  of  Material  Sciences. 


and  the  beam  emittances  f,  and  fy  to  be  minimized.  For 
the  layout  of  magnets  in  SPEAR,  it  is  impossible  to  sat¬ 
isfy  the  first  criterion  exactly  but  we  were  able  to  reduce 


Figure  1 

Linear  optics  of  the  LE  lattice. 


Distance(m} 


Figure  2 

Linear  optics  of  the  HEP  lattice. 

the  dispersion  in  the  insertion  straights  by  up  to  a  factor 
of  three  (see  figs.  1  and  2).  The  second  criteria,  the  con¬ 
straint  on  /3,  and  gives  a  much  broader  maximum  with 
respect  torJj  than  with  respect  to  (3y.  This  can  be  attiibul- 
ed  to  the  fact  that  the  magnitude  of  the  vertical  electron 
emittance,  fy,  is  closer  than  e,  to  the  diffraction  limited 
photon  beam  emittance  from  a  single  electron,  A  '4  7r  For 
the  LE  lattice  Hy  is  1.1  meters  in  the  insertions,  which  is 
very  close  to  the  optimum  value.  This  small  Hy  also  has  the 
advantage  of  allowing  smaller  undulator  gaps  without  re¬ 
ducing  the  beam  lifetime,  and  it  reduces  the  perturbation 
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of  the  electron  optics  from  wiggler  and  undulator  vertical 
focusing  and  nonlinearities. 

Minimization  of  the  horizontal  emittance  is  achieved  by 
minimizing  the  integral  of  7,t;*  +  2a,  +  0x7]'^  in  the 

bending  magnets.  In  the  arcs,  where  most  of  the  bend  mag¬ 
nets  are  located,  there  are  only  two  independently  powered 
quadrupole  magnet  strings,  QD  and  QF.  The  emittance  is 
rather  insensitive  to  the  strength  of  the  QD’s  but  varies 
significantly  as  a  function  of  the  strength  of  QF  as  shown 
in  fig.3.  We  note  that  the  LE  lattice  emittance  is  very 
close  to  the  minimum  possible  emittance  for  SPEAR.  Ta- 


Figure  3 

Horizontal  emittance  vs  QF  strength  with  QD  strength 
held  constant. 

ble  1  compares  the  emittance  with  that  of  other  machines 
of  comparable  enetgy.(7]  The  emittance  in  the  LE  lattice 
is  smaller  than  in  other  operating  synchrotron  radiation 


Table  1 

Comparison  of  beam  emittances  at  3  GeV. 


Lattice 

f,  ®3GeV 
(irnm^rad) 

Status 

Design 

Energy 

Beijing 

270 

Running 

2.8GeV 

SRS2 

243 

Running 

2.0 

Photon  Fact. 

185 

Running 

2.5 

NSLS  X-Ray 

152 

Running 

2.5 

SPEAR  LE 

120 

Commissioning 

3.0 

Pohang 

30 

Construction 

2.0 

Trieste 

16 

Construction 

20 

ALS 

14 

Construction 

1  5 

sources,  but  is  still  much  laro.er  than  in  new  sources  un¬ 
der  construction.  To  achieve  such  low  beam  emittances 
in  SPEAR  the  magnet  lattice  must  be  significanth  mod¬ 
ified.  Such  modifications  are  possible  without  perturbing 
the  location  of  existing  photon  beam  lines  and  insertion 
devicesIS]  resulting  in  a  beam  emittance  of  28.57rniii*tad 


B.  Dynamic  Aperture 

The  LE  lattice  requires  strong  quadrupoles  with  asso¬ 
ciated  large  natural  chromaticities  (see  Table  2)  requiring 
strong  sextupoles.  With  careful  choice  of  tunes  and  some 
reconfiguring  of  the  sextupole  distribution  in  SPEAR,  the 
dynamic  aperture  could  be  preserved  to  assure  beam  sta¬ 
bility  (see  fig.4).  Tracking  studies  with  PATPET[{i]  show 


Figure  4 

LE  lattice  dynamic  aperture. 

that  this  dynamic  aperture  remains  large  for  off-energy 
particles  and  when  tracking  with  magnet  strength  and 
alipment  errors.  Table  2  gives  a  summary  of  the  prop¬ 
erties  of  the  LE  lattice.  Two  previously  proposed  low 
emittance  SPEAR  lattices,  the  high-beta  low-emittance 
(HBLE)  lattice[3]  and  Blumbetg’s  rattice[4],  ate  included 
for  comparison.  The  large  physical  and  dynamic  apertures 
in  the  LE  lattice  provides  for  easier  injection. 

Table  2 

Comparison  of  lattice  parameters.  The  emittances  are 
for  3  GeV  electrons.  The  apertures  are  given  in  millime¬ 
ters  at  the  septum,  and  the  dynamic  apertures  are  for 
400-turn  tracking  and  with  =  iy  -  'i. 


Lattice 

LE 

HEP 

HBLE 

Blumberg 

e,(7rnm*rad) 

129 

511 

141 

142 

/?j,(m)  t  ID’S 

1.1 

3.8 

2.8 

2.2 

?j,(m)  <5'  ID’s 

1.3 

2.7 

1.2 

1.3 

Dyn.  Aper.(mm) 

72 

130 

51 

27 

Phys.  Aper.(mm) 

50 

35 

19 

35 

-12.2 

-11.2 

-8,8 

-11  9 

-21.3 

-11.2 

-9.6 

-15  6 

6  87 

5,27 

6.25 

*3  27 

(3  8 

5  11 

5.19 

U  p. 

C.  Lifetimes  and  Curnnt  Limitation^i 

Calculations  indicate  that  brcmsstrahlung.  Coulomb  s- 
cattenng,  Touschek,  and  quantum  lifetimes  will  all  be  at 
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least  18  houts  in  the  LE  lattice  for  single  bunch  currents 
below  15  mA.  From  ZAP[10J  calculations  we  conclude  that 
the  single  bunch  current  will  be  limited  by  reduction  of 
the  longitudinal  quantum  lifetime  from  turbulent  bunch 
lengthening.  For  an  rf-voltage  of  2.5  MV  at  3  GeV,  the 
quantum  lifetime  will  be  reduced  to  5  hours  for  a  single 
bunch  current  of  approximately  28  mA. 

III.  Injection  Scheme 

Ipjection  into  the  HEP  lattice  uses  two  kickers  separat¬ 
ed  by  K  in  horizontal  phase  advance.  In  the  LE  lattice 
the  phase  advance  between  these  two  kickers  is  much  larg¬ 
er  than  x,  so  a  third  kicker  is  needed  to  produce  a  local 
orbit  bump  for  injection.  A  location  was  found  for  this 
third  kicker  with  the  same  aperture  and  strength  require¬ 
ments  as  for  the  other  kickers.  This  made  it  possible  to 
move  one  of  the  now  obsolete  positron  injection  kickers  to 
this  new  location  to  iivject  electrons.  Fig.5  shows  the  in¬ 
jection  scheme.  A  static  bump  using  the  trims  on  the 
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Figure  5 

Iivjection  scheme 

two  bend  magnets  on  either  side  of  the  septum  corrects 
the  slope  of  the  kicker  bump  and  moves  the  stored  beam 
acceptance  close  to  the  edge  of  the  septum.  The  pulsed 
kicker  bump  the  moves  the  SPEAR  acceptance  over  the 
septum  to  accept  the  injected  beam.  This  figure  shows 
that  the  cross-section  of  the  septum  acceptance  and  the 
stored  beam  acceptance  is  much  larger  than  the  injected 
beam  size,  so  there  is  ample  room  for  steering  errors  of  the 
iiyected  beam.  It  also  shows  that  the  four-sigma  ellipse  of 
the  stored  beam  is  far  from  the  septum.  Scraping  four  sig¬ 
ma’s  of  the  stored  beam  on  the  septum  is  about  the  point 
where  as  much  stored  beam  is  lost  as  injected  beam  is  ac¬ 
cumulated.  The  significant  distance  of  the  stored  beam 
from  the  septum  allows  for  orbit  errors  and  safe  margin 
for  reliable  iiyection  into  this  lattice. 


IV.  Commissioning  Results 

The  first  attempt  to  inject  into  the  LE  lattice  was  made 
during  a  24-  hour  period  on  April  23,  1991.  Single  elec¬ 
tron  pulses  from  the  SPEAR  injector  were  stored  in  the 
lattice  with  lifetimes  on  the  order  of  hours,  although  beam 
accumulation  was  not  achieved  yet.  A  preliminary  fl»ea- 


surement  of  the  emittance  of  the  stored  electron  beam  was 
made  by  digitizing  the  signal  from  a  video  camera  aimed 
at  the  synchrotron  light  monitor  (SLM)  (see  fig. 6).  The 
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Figure  6 

Emittance  measurement  of  83)rnm*tad  at  2.27  GeV  in 
the  LE  SPEAR  lattice. 

horizontal  betatron  function  at  the  SLM  is  =  6.63  m, 
and  correcting  for  the  theoretical  beam  energy  spread  we 
derive  from  fig.6  an  emittance  of  83  irnm*rad  at  2.27  GeV 
compared  with  a  predicted  emittance  of  76  rrnm’tad. 
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Abstract 

The  goal  of  the  SXLS  Project  at  BNL  is  to  design  and 
construct  a  compact  storage  ring  as  a  soft  x-ray  source  for 
proximity  printing  x-ray  lithography The  final  ring  will 
operate  at  an  energy  of  700  MeV  and  it  will  make  use  of 
superconducting  dipoles,  Bq  =  3.87  Tesla  and  p  =  60  cen¬ 
timeters,  as  a  source  of  =  10  angstrom  x-rays.  The  pro¬ 
ject  is  proceeding  in  two  leases:  in  Phase  1  low  field  iron 
dipoles  (B  B  1.1  Tesla)  are  being  used  to  study  the  ring  at 
energies  of  200  MeV  and  below;  in  Phase  II  ^e  low  field 
dipoles  will  be  replaced  with  superconducting  dipoles.  The 
Phase  I  storage  ring  was  commissioned  during  the  fall  of 
1990  and  the  design  current  of  SOO  ma  has  been  exceeded. 
A  report  on  the  performance  of  the  Phase  I  ring  is 
presented. 

1.  Storage  Ring  Lattice 

To  make  the  ring  as  compact  as  possible  (C  =  8.S  m), 
a  two  superperiod  gradient  FODO  lattice  incorporating  two 
180°  combined  function  dipole  magnets  was  adopted.*^^ 
Since  the  basic  lattice  is  a  "one  knob"  design  with  only  hor¬ 
izontally  focusing  quadrupoles  and  the  defocusing  sextupole 
designed  into  the  poleface  of  the  dipole,  two  sets  of  poleface 
windings  were  installed  on  the  dipoles.  One  winding  has 
quadrupole  symmetry  to  permit  variation  of  the  vertical  tune 
and  the  other  has  dipole/sextupole  symmeuy  to  provide  for 
tuning  of  the  vertical  chromaticity.  The  quadmpoles  are 
mounted  on  stepping  motors  and  can  be  uanslated  by  ±3 
mm  both  horizontally  and  vertically  to  provide  closed  orbit 
correction  and  there  are  also  four  sets  of  air  core  dipole 
orbit  correctors.  Four  12-pole  magnets  are  also  included  to 
provide  additional  tuning  capability. 

The  basic  design  parameters  of  the  Phase  I  SXLS  ring 
are  listed  in  Tabic  1  and  the  Twiss  parameters  ate  shown  in 
Figure  1. 

2.  Commissioning  Results 

The  assembly  of  the  Phase  I  ring  was  completed  in 
late  August  1990.  The  existing  80  MeV  linac  and  booster 
ring  at  the  NSLS  serve  as  the  injector  for  SXLS.  A  single 
bunch  from  the  booster  (52  MHz  bucket)  is  injected  into  a 
211  MHz  bucket  in  the  SXLS  ring  providing  for  1  to  6 

*  work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy  and  funded  by  the  U.S.  Department  of  Defense 
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Table  1:  SXLS  Phase  I  Design  Parameters 


Energy,  E  [MeV] 

200 

Circumference,  C  [m] 

8.503 

Dipole  Magnet  Type 

EM 

Dipole  Field,  Bq  [T] 

1.1 

Bending  Radius,  p  [m] 

.6037 

Superperiods,  N, 

2 

Critical  Wavelength,  X,.  [A] 

423 

Horizontal  Betatron  Tune,  v. 

1.415 

Vertical  Betatron  Tune,  Vy 

.415 

Energy  Loss  Per  Turn,  Uo  [KeV] 

.234 

Uncorrected  Chromaticity, 

-.49.  -1.32 

Momentum  Compaction,  a 

.32 

Natural  Emittance,  eo  [m-rad] 

5.92x10-* 

DISTANCE  [m] 

Figure  1:  SXLS  Optical  Functions 

bunch  operation.  The  injection  system  operates  at  0.7  Hz. 
Injection  rates  of  2-5  ma  per  pulse  are  typical  although  rates 
of  7-10  ma  per  shot  have  been  achieved  quite  frequently  at 
2(X)  MeV  operation.  The  novel  injection  scheme  involves 
the  use  of  a  single  fast  kicker  magnet^^^,  with  a  rise  and  fall 
time  of  10  ns  and  a  flat  top  of  50  ns,  that  gives  two  horizon¬ 
tal  kicks  to  the  stored  beam  and  one  kick  to  the  injected 
beam. 
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The  initial  commissioning  of  the  ring  was  done  at  200 
MeV.  The  first  turn  in  the  ring  was  recorded  on  September 
14,  1990.  Stored  beam  was  obtained  one  month  later.  By 
mid  December  1990  the  design  current  of  SOO  ma  in  six 
bunches  was  achieved.  A  maximum  stored  cunent  in  excess 
of  one  ampere  in  six  bunches  was  accumulated  with  200 
MeV  injection  (2/91). 

At  present  (S/91)  stored  currents  of  600  ma  in  six 
bunches  and  200  ma  in  one  bunch  are  routinely  obtained  at 
an  injection  energy  of  200  MeV.  For  160  MeV  injection  we 
can  routinely  store  SOO  ma  in  six  bunches.  We  have  also 
succeeded  in  stori.  g  220  ma  at  an  80  MeV  injection  energy. 
With  our  present  injection  system,  which  is  optimized  for 
7S0  MeV  operation  of  the  NSLS  rings,  it  is  difficult  to  fully 
explore  energies  t)clow  160  MeV  as  there  is  little  damping 
in  the  booster  ring  at  these  energies.  Bypassing  the  booster 
and  injecting  the  ring  directly  from  the  Itnac  at  energies  of 
80  and  120  MeV  will  be  tried  in  the  near  future. 

The  horizontal  closed  orbit  as  measured  on  the  PUEs 
is  corrected  to  x„„  <  2  mm  using  the  air  core  trims  and  an 
outward  displacement  of  the  quadrupoles;  the  maximum 
vertical  orbit  deviation  is  y„u„  <  0.7S  mm  and  this  is  the 
uncorrected  orbit.  The  betatron  tunes  in  the  machine  arc 
nominally  set  at  s  1.438  and  Vy  s  0.415.  The  machine 
will  store  beam  over  a  wide  range  of  tunes;  the  curating 
point  is  chosen  to  maximize  the  injection  efficiency.  The 
chromaticitics  of  the  ring  have  been  measured  to  be  s  4-2 

&  ^y  =  +2. 

Instabilities  are  observed  in  the  machine  but  a  detailed 
analysis  has  not  been  performed  so  far.  For  large  stored 
currents  transverse  motions  of  the  beam  can  be  observed  on 
the  synchrotron  light  monitor.  There  are  strong  synchrotron 
sidebands  evident  on  the  rotat-'on  and  tune  lines  indicative  of 
coupled  bunch  motion.  At  present  we  arc  not  using  any 
active  feedback  systems  to  stabilize  the  beam. 

3.  Vacuum  System  &  Lifetime 

The  vacuum  chamber  straight  sections  are  fabricated 
from  stainless  steel  type  304L  and  the  dipole  chambers  frexn 
INCONEL  625.  An  in-situ  bakeout  system  is  incorporated 
in  the  ring  and  has  been  used  twice:  once  before  commis¬ 
sioning  started  and  again  in  Nov.  1990  after  replacing  a 
faulty  vacuum  window. 
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Figure  2:  Pressure  vs.  Current  [6  Bunches] 
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Figure  3:  Current  vs.  Time  [6  Bunches] 

Major  clean-up  of  the  vacuum  chamber  was  done  by 
the  stored  beam  as  shown  in  Figure  4.  About  20  amp-hrs  at 
200  MeV  arc  required  to  finally  condition  the  chamber  dur¬ 
ing  which  time  the  ring  pressure  decreased  by  more  than 
two  orders  of  magnitude.  To  determine  the  recovery  time 
from  a  vacuum  accident  a  venting  of  the  ring  is  planned  in 
the  near  future. 

4.  Clearing  Electiodes^^^ 


Vacuum  pressures  are  monitored  by  ion  gauges 
located  just  outside  the  entrance  and  exit  of  the  dipole  mag¬ 
nets.  In  the  absence  of  beam  the  average  pressure  read  by 
ion  gauges  is  P.v*  ^  1x10"*°  torr.  Figures  2  &  3  display  the 
average  vacuum  pressures  versus  cunent  and  beam  current 
versus  time  respectively  for  several  ring  energies  in  six 
bunch  operation.  The  stored  beam  lifetime  can  be  obtained 
from  Figure  3.  For  the  data  shown  here  it  takes  roughly 
10-40  i  inutes  for  the  current  to  decrease  by  50%,  with  the 
longer  lifetimes  actually  occurring  at  lower  energies.  An 
exact  prediction  of  the  lifetime  at  low  energy  is  complicated 
by  ion  tra[^ing,  intrabeam  scattering  and  anomalous  bunch 
lengthening. 


The  vacuum  chamber  in  the  ring  is  equipped  with 
fourteen  clearing  electrodes,  five  in  each  dipole  magnet  and 
two  in  each  straight  section.  The  electrodes  are  metal  strips 
of  approximately  20  cm  in  length  located  on  the  bottom  of 
the  chamber.  They  are  terminated  in  their  characteristic 
impedance  by  50  D  lossy  cables  and  are  capable  of  handling 
5  KV. 

In  six  bunch  operation  the  clearing  electrodes  are 
necessary  to  reach  stored  currents  in  excess  of  300  ma. 
Voltages  in  the  range  of  200-700  volts  applied  to  six  of  the 
electrodes  provides  adequate  clearing  although  powering 
only  a  single  electrode  enhances  the  achievable  stored 
current.  Ion  clearing  currents  of  3  nanoamperes/lOO  ma 


1108 


Figure  4:  Normalized  Pressure  Change  vs.  Beam  Dose 

have  been  measured  at  ring  energies  of  100  MeV.  Prelim¬ 
inary  results  on  the  effects  of  ions  on  the  betatron  tunes  and 
the  beam  size  are  reported  in  reference  [4], 

5.  RF  System 

The  211  MHz  RF  system  is  a  single  gap,  capacitively 
loaded  accele-^ting  cavity  driven  in  the  TMOl  mode  and 
capable  of  prc''  xing  a  p^  gap  voltage  of  SO  kV.  Figure  S 
displays  the  measured  synchrotron  tune  as  a  function  of  the 
RF  voltage  for  200  MeV  operation.  Gap  voltages  of  4S  KV 
have  produced  the  best  injection  rates.  Transient  beam 
loading  from  injecting  up  to  10  ma  per  shot  has  not  been  a 
problem.  Throughout  the  commissioning  the  cavity  has  been 
the  largest  measurable  source  of  outgassing. 


6.  Diagnostics 

There  are  four  fluorescent  flags  in  the  ring  for  estab¬ 
lishing  the  injection  orbit.  Pick-up  electrodes  (PUE)  have 
been  built  into  the  vacuum  chamber  to  provide  beam  posi¬ 
tion  information  at  six  points  around  the  ring.  There  is  a  set 
of  four  horizontal  and  vertical  PUEs  at  each  end  of  the  two 
straight  sections  and  a  set  of  two  PUEs  (hor.)  in  each  dipole. 
Beam  positions  in  a  single  turn  around  the  ring  are  deter¬ 
mined  by  processing  the  PUE  signals  with  hybrid  networks 
and  a  Giga-sample/sec  digitizing  oscilloscope  (LeCroy 
7200).  With  stored  beam  the  closed  orbit  is  measured  at  a 
S  Hz  rate  with  dedicated  beam  position  monitors.  In  addi¬ 
tion  to  the  PUEs,  two  sets  of  stripline  electrodes  have  been 
provided,  one  for  "kicking"  the  beam  and  the  other  for  mon¬ 
itoring. 

Beam  current  is  determined  by  peak-detecting  a  rota¬ 
tion  harmonic  in  a  PUE  sum  signal.  Transverse  dimensions 
of  the  electron  beam  are  measured  by  imaging  the  beam 
with  a  telescope  on  a  CCD  TV  camera  using  the  synchro¬ 
tron  light  coming  out  of  one  of  the  dipole  ports.  During 
normal  operations,  the  beam  image  is  continuously  displayed 
on  a  video  monitor  and  can  also  be  stored  to  disk  with  a 
frame  grabber  for  further  processing.  Tune  measurements 
are  made  using  a  SOO  MHz  network  analyzer  (HP  419SA),  a 
wideband  RF  power  amplifier  and  the  striplincs.  Electronics 
for  damping  longitudinal  beam  instabilities  is  in  the  process 
of  being  commissioned. 

7.  Closing  Remarks 

The  successful  commissioning  of  the  Phase  I  storage 
ring  lays  a  solid  foundation  on  which  to  build  the  Phase  II 
superconducting  dipole  based  ring.  Ion  clearing  electrodes 
have  been  essential  to  storing  large  currents  (I  >  300  ma)  in 
the  ring.  Studies  will  continue  on  the  Phase  1  ring  over  the 
next  year  to  enhance  our  understanding  of  the  machine  and 
to  continue  to  lower  the  injection  energy. 
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Abstract 

The  generation  of  coherent  ultraviolet  and  shorter  wave¬ 
length  light  is  presently  limited  to  synchrotron  sources.  The 
recent  progress  in  the  development  of  brighter  electron  beams 
enables  the  use  of  much  lower  eneigy  electron  rf  linacs  to  reach 
short-wavelengths  than  previously  considered  possible.  This 
pq>er  will  summarize  the  present  results  obtained  with  synchro¬ 
tron  sources,  review  proposed  short-wavelength  FEL  designs 
and  then  present  a  new  design  which  is  capable  of  over  an  order 
of  magnitude  higher  power  in  the  extreme  ultraviolet. 

1.  Introduction 

Optical  radiation  below  200  nm  has  many  potential  uses  [1]. 
The  class  of  uses  generally  fall  into  two  categories;  basic 
research  in  such  areas  as  biological  processes,  solid  state 
physics,  chemical  processes,  snapshots  oftemporially  unstable 
taints,  and  photolithography  for  semiconductor  processing. 
Biological  studies  include  UV  damage  of  DNA,  Rman  spec¬ 
troscopy,  and  time  resolved  fluorescence  spectroscopy.  Solid 
state  ^ysics  research  covers  ultra-high  resolution  photoemis¬ 
sion  from  interflicesand  surfaces, detectors,  <^tics,  and  nonlinear 
harmonic  generation.  Chemical  research  include  dynamics  of 
highly  excited  states,  gas-phase  photochemistry,  and  surface 
(^ochemistry. 

Advanced  lithographic  technologies  require  feature  sizes  of 
less  than  0.25  microns  [2].  Optical  projection  lithography  is 
currently  used  with  mecury  lamps  or  excimer  lasers  and  is  the 
process  of  choice  for  semiconductor  processing.  Projection 
lithography  below  0.23  microns  was  not  thought  to  be  possible 
because  of  the  high  power  levels  (10  to  100  watts)  in  the  10  to 
100  nm  wavelength  band  which  is  required  for  adequate  wafer 
throughput.  Consequently,  large  research  sums  have  been  spent 
on  alternate  technologies  (such  as  x-ray  transmission  using 
proximity  masks). 

Electron  synchrotrons  can  generate  radiation  from  less  than 
0.1  nm  to  greater  than  100  nm.  Even  though  synchrotrons  can 
produce  a  wide  range  of  wavelengths,  the  output  power  in  a 
narrow  bandwidth  is  limited  (Fig.  1)  relative  to  that  attainable 
by  free-electron  lasers  (FELs).  More  of  the  above  mentioned 
research  applications  require  higher  power  levels  than  synchro¬ 
tron  sources  either  for  increasing  the  signal  to  noise  ratio  or  for 
multiphoton  processes.  Photolithography  requires  several 
orders  increase  in  average  power  over  synchrotrons.  The 
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increased  power  requirements  have  driven  research ;  nto  the  use 
of  free-electron  lasers  for  the  generation  of  short  v/avelength 


Synchrotron  sources) 


Figure  1 .  Time-average  spectral  bnghtiiess  (delivered  on  target). 
Sources  arc  Stanford  Synchrotron  Radiation  Lab  (SSRL), 
National  Synclirotron  Light  Source  (NSLS)  at  BNL,  Advanced 
Photon  Source  (APS)  at  Argomie,  Advanced  Light  Source 
(ALS)  at  LBL,  and  European  Synchrotron  Radiation  Facility 
(ESRF)  at  Grenoble. 
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11.  Free-Electron  Lasers 


III.,  RF  Linac  FELS 


A  Iree-electron  laser  (FEL)  converts  electron  beam  energy 
into  ahighly  collimated,  high-power  beam  of  light  by  stimulated 
emission.  An  FEL  produces  an  laser  beam  of  good  optical 
quality  and  narrow  bandwidth  and  is  tunable  over  a  wide 
wavelength  range.  A  schematic  of  an  rf  linac  based  FEL  in  an 
oscillator  configuration  is  shown  in  Fig.  2.  The  essential  com¬ 
ponents  of  an  FEL  are  the  electron  accelerator  and  a  trans¬ 
versely-oscillating  magnetic  field(calledawiggler  or  undulator 
depending  on  the  magnitude  of  the  on-axis  magnetic  field).  The 
magnetic  field  initially  causes  the  electron  beam  to  oscillate, 
thereby  generating  spontaneous  optical  radiation.  Later  in  the 
process,  the  magnetic  field  couples  the  electron  beam  motion  to 
the  optical  field  which  has  built  up  in  the  optical  resonator  for 
an  FEL  oscillator  or  the  amplifier  wiggler  for  an  FEL  amplifier. 
This  motion  forces  the  electrons  to  do  work  against  the  optical 
field,  further  increasing  the  energy  in  the  optical  radiation.  The 
performance  of  the  FEL  depends  to  a  large  degree  on  the 
brightness  ofthe  electron  beam  and  the  wiggler  design.  Because 
of  recent  improvements  in  the  desig;t  of  electron  sources  [3]-[4], 
FELs  can  now  operate  in  the  extreme  ultraviolet  and  sofi  x-ray 
regime  at  relatively  low  energies  (<1  GeV).  Since  the  wave¬ 
length  of  the  radiation  from  the  FEL  is  proportional  to  the 
wiggler  period,  significant  research  effort  is  ^ing  directed  to 
the  design  of  shorter-period  wiggler  fields  [S]-[7]. 


Figure  2.  Basic  components  of  a  rf  ltn<*c  FEL. 


The  rf  linac  category  can  be  divided  into  two  approaches 
based  on  the  type  of  FEL  optical  system  used.  The  two 
approaches  are  an  optical  resonator  and  a  single  pass  amplifier. 
In  an  optical  resonator,  the  light  recirculates  in  a  resonator  so 
that  the  optical  power  can  build  up  to  very  high  levels,  increasing 
the  electron  beam  to  light  extraction  efficiency.  However, 
mirrors  have  very  low  reflectivity  in  the  sub- 1 00  nm  region  and 
thus  the  optical  gain  must  be  very  high  to  overcome  resonator 
losses.  !n  an  amplifier,  the  light  is  single  pass  and  so  there  are 
no  resonator  losses,  but  the  wiggler  must  be  very  long  (^proxi- 
mately  twice  as  long  as  in  an  oscillator)  to  allow  the  light  to  build 
up  to  high  power  levels. 

Briar.  Newnam  of  Los  Alamos  National  Laboratory  has 
proposed  au  extreme  ultraviolet  (XUV)  FEL  operating  down  to 
1  nm  [8].  A  system  schematic  is  shown  in  Fig.  3.  The  system 
consists  of a  single  linac  driving  seven  different  oscillators,  each 
oscillator  producing  a  different  wavelength.  Over  certain 
wavelength  regions,  normal  incidence  optics  have  sufficient 
reflectivity  to  be  used  as  resonator  mirrors  [8].  From  60  to  100 
nm,  polished  chemically-vapor-deposited  (CVD)  silicon  car¬ 
bide  exhibits  40  to  S0%  reflectance  at  normal  incidence.  From 
80  to  100  nm,  unoxidized  aluminum  films  go  from  40%  to 
greater  than  90%  reflectivity.  From  10  to  20  nm.  Mo  and  Si 
multilayer  reflectors  have  between  40  to  50%  reflectivity.  At 
the  present  time,  normal  incidence  optics  do  not  exist  for  the 
wavelengths  between  20  to  60  nm  and  below  10  nm.  To  provide 
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Short-wavelength  free-electron  lasers  fall  into  two  catego¬ 
ries;  rf  linac  based  and  storage  ring  based.  I  will  briefly  describe 
representative  FEL  designs  for  both  of  the  categories. 


Figure  4.  Multifaceted,  all-metal  mirror  grazing-incidence  ring 
resonator.  The  light  from  the  wiggler  first  reflects  from  hyperbo- 
loidal  minors  which  causes  the  beam  to  diverge  to  reduce  thermal 
distortion  of  the  multifaceted  mirrors. 
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Figure  3.  Proposed  Los  Alamos  XUV  FEL  National  User  Facility. 
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minors  for  the  remaining  wavelengths  and  to  reduce  beam- 
induced  thermal  distortion  of  the  minor  surfaces,  Newnam  has 
proposed  a  ring  resonator  with  multifaceted  minors  [9],  sche¬ 
matically  shown  in  Fig.  4.  This  minor  system  uses  the  increase 
in  reflectance  (greater  than  95%  per  surfece  at  these  wave¬ 
lengths),  enabled  by  total  external  reflection,  'fhe  machine 
parameters  are;  maximum  beam  energy  of  1  Ge  V,  peak  cunents 
of 300  to 400  A,  normalized  90%  emittance  (the  90%  emittance 
-4  ^  the  rms  emittance)  of  <30  n  mm-mrad,  and  a  0.1%  energy 
spread.  The  wiggler  is  S  m  long  for  SO  nm  and  1 2  m  long  for  4 
nm  with  a  wiggler  period  of  1 .6  cm. 

The  other  rf  linac  designs  operate  in  an  FEL  amplifler 
conflguration.  Two  representative  designs,  one  from  Brod^ven 
National  Laboratory  (BNL)  and  the  other  from  University  of 
California  at  Los  Angeles  ^CLA),  follow. 

BNL  has  proposed  a  Ultraviolet  Free-Electron  Laser  User 
Facility  [10]  to  be  used  in  conjvnction  with  the  National 
Synchrotron  Light  Source  (NSLS).  This  FEL  operates  as  an 
injection-locked  amplifier  with  the  seed  radiation  produced  by 
a  conventional  tunable  laser.  A  schematic  of  the  system  is 
shown  in  Fig.  S.  The  mryor  system  features  are  a  photoinjector 
electron  source,  a  superconducting  recirculating  linac,  and  two 
FEL  amplifier  beamlines.  The  repetition  rate  for  the  electron 
pulses  fr^  the  accelerator  is  1  kHz.  Each  amplifier  beamline 
operates  at  0.5S  kHz  and  the  output  optical  pulses  from  the 
amplifiers  have  an  a([justable  relative  timing  with  respect  to 
each  other.  The  output  optical  pulses  from  each  amplifier  will 
be  split  between  two  experimental  stations  by  rotating  mirrors. 
The  machine  offers  low  energy  spread  (0.1%)  and  short  pulse 
durations  (possibly  down  to  200  fs).  The  machine  parameters 
are;  250  MeV  final  energy,  peak  current  of 300  A,  normalized 
90%  emittance  of  32  r  nun-mrad,  and  an  energy  spread  of  0. 1  %. 
The  wiggler  is  composed  of  a  short  (2.5  m)  subharmonic  wiggler 
.ut  3.5  cm  period  and  a  Ion.  er  (1 1  m)  main  wiggler  with  a  2.2 
jm  period.  The  main  wiggler  has  a  4.5  m  section  which  has  a 
1.2%  taper.  Research  is  ^so  presently  being  conducted  on  a 
superconducting  wiggler  with  a  8.8  mm  period.  At  100  nm,  the 
calculated  average  power  is  1  watt. 


At  UCLA,  an  x-ray  linear  light  source  (LLS)  has  been 
proposed  [6].  In  this  design,  very  high  accelerator  gradients 
(near  200  MeV/m)  are  used  to  reduce  the  overtoil  machine 
length.  To  attain  the  very  high  gradients,  a  high  frequency  (10- 
30  GHz)  accelerator  structure  is  driven  by  a  relativistic  klystron, 
under  development  by  LLNL/LBL/SL AC  [11].  A  schematic  of 
the  relativistic  klystron  and  its  induction  linac  driver  is  shown 
in  Fig.  6.  The  FEL  designs  are  based  on  self-amplified  sponta¬ 
neous-emission  (SASE). 


Figure  6.  Relativistic  klystron  driver  for  UCLA  XUV  machine. 

IV.  Storage  rings 

Another  technique  for  producing  short  wavelength  light  is  to 
use  storage  rings  with  long  straight  sections  for  an  FEL  oscilla¬ 
tor.  Proposals  have  been  made  by  Stanford  University  [12] 
(work  on  this  propc'sal  is  proceeding  at  Duke  University)  and 
University  of  Dortmund  [13]. 

The  Stanford  design  is  based  on  a  1  GeV  storage  ring.  A 
schematic  of  the  machine  is  shown  in  Fig.  7.  In  the  long  straight 
section  is  space  for  a  27  m  long  undulator.  A  1  GeV  linac  will 
inject  electrons  into  the  ring  at  full  energy.  Alternately, 
positrons  will  be  injected  to  increase  the  lifetime  of  the  stored 
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Figure  5.  Proposed  BNL  UV  FEL. 
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beam.  In  an  FEL,  electrons  gain  an  energy  spread  as  the 
electnms  interact  with  the  optical  field.  In  storage  rings,  the 
induced  energy  spread  is  then  damped  by  synchrotron  radiation 
losses  with  an  ~10  ms  time  constant,  llie  peak  current  in  this 
design  is  270  A  with  a  90%  normalized  emittance  of  1 70  jc  mm- 
mrad.  The  machine  is  designed  to  produce  optical  radiation 
fixmr  greater  than  100  tun  to  less  than  30  nm. 
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Figure  7.  Schematic  of  Stanford  University's  1  GeV  storage  ring. 

The  storage  ring  at  the  University  of  Dortmund  is  called 
DELTA.  The  ring  has  amaximum  energy  cq)ability  of  1 . 5  GeV . 
A  schematic  of  the  machine  is  shown  is  Fig.  8.  The  DELTA 
lattice  was  optimized  for  FEL  operation.  Two  straight  sections 
approximately  20  m  long  with  zero  dispersion  and  with  nearly 
constant  beta  functions  are  available  for  insertion  devices.  Tbe 
ring  has  a  low  90%  normalized  emittance  of  40  n  mm-mrad  at 
1  GeV,  short  damping  time  (~  0.2  s),  high  peal:  currents  (180 
A),  and  long  beam  lifetime.  The  macUne  is  designed  to  produce 
optical  radiation  from  400  nm  to  25  nm. 

V.  Compact  Short-Wavelength  FEL 

A  study  at  Los  Alamos  National  Laboratory  was  started  to 
determine  if  a  (relatively)  small,  less  costly  XUV  FEL  is  now 
possible  using  the  advances  in  FEL  system  components  in  the 
last  several  years.  In  particular,  significant  developments  have 
occurred  in  high-brightness  electron  linacs  [14]  and  short- 


Figure  8.  Layout  of  the  Dortmund  storage  ring,  showing  the  linac, 
the  full-energy  booster  and  the  main  storage  ring. 

wavelength  wigglers  [15].  This  study  is  directed  at  providing  a 
machine  for  photolithographic  processing  applications.  Tbe 
design  follows  from  the  Advanced  Free-Electron  Laser  Initia¬ 
tive  (AFELI)  at  Los  Alamos  National  Laboratory. 

llie  AFELI  program  goals  are  to  build  an  Advanced  FEL 
(AFEL)  using  a  high-bnghtness  electron  beam  and  a 
microwiggler,  while  minimizing  size  and  cost.  A  schematic  of 
the  AFEL  is  shown  in  Fig.  9.  Extensive  linac  design  calculations 
have  been  made  using  a  modified  version  of  PARMELA.  This 
version  of  PARMELA  directly  incorporates  files  from  POIS¬ 
SON,  MAFIA,  and  SUPERFISH  [  1 6]  to  accurately  describe  the 
field  distributions  in  the  accelerator.  Tbe  electron  beam  param¬ 
eters  are:  20MeV  final  energy,  200  to  300  Apeak  for  10ps,and 
a  90%  normalized  emittance  of  less  than  15  n  nun-mrad.  Only 
those  electrons  in  the  middle  75%  of  the  pulse  L  >  time  contribute 
to  the  FEL  interaction  (the  temporal  wings  do  not  interact).  The 
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Figure  9.  Schematic  of  the  AFEL  experiment,  showing  Imac,  beamline,  and  FEL  resonator. 
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Figure  10.  Schematic  of  a  XUV  FEL  based  on  the  AFEL  system  design. 


emittance  of  just  the  middle  7S%  of  the  pulse  is  less  than  8  n  mm- 
mnd,  The  accelerator  is  1 .2  m  long  giving  a  true  gradient  of  1 8 
MVAn.  The  calculated  gain  (with  the  FEL  code  FELEX)  for  the 
3rd  harmonic  of  a  3  nun  period  pulsed  wire  wiggler  is  greater 
thaQ50%at390nm.  Acceleratoroperationis  scheduled  to  begin 
in  the  first  half  of  1992. 

Based  on  the  AFEL  system.  anXUV  FEL  was  designed  [17]. 
The  XUV  FEL  schematic  is  shown  in  Fig.  10.  The  base  line 
design  for  a  60  tun  machine  is;  91  MeV  final  energy.  1  nC 
micropulse  charge.  0.13  A  average  current,  and  160  A  peak 
current.  The  accelerator  is  driven  by  four  Thomson  CSF  2022E 
20*MW1300*MHz  klystrons  operated  at  60  Hz  witha0.3%duty 
fiKtw.  The  overall  accelerator  length  is  8  m.  The  pulsed  wire 
wiggler  has  a  period  of  2.6  nun  and  is  35  cm  long.  The  optical 
resonator  uses  multifaceted  reflector  optics  and  is  ^proxi- 
mately  8  m  long.  The  calculated  output  power  is  100  W  at  60 
nm. 
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Since  their  inception  in  the  mid  IfiTO's  Ftee  Electron  Lasers  (FELs) 
have  p  'oven  to  be  unique  light  sources.  For  many  applications,  the  prob¬ 
lems  caused  by  the  complexity  of  the  FEL  is  greatly  outweighed  by  its 
flexibility  ns  a  research  tool.  In  1987  Vanderbilt  University  committed  itself 
to  the  development  of  a  user-intensive  FEL  research  facility.  This  facility 
wilt  be  available  to  Vanderbilt  and  other  institutions  to  conduct  research 
in  Biomedicine  and  Materials  Science.  This  FEL  incorporates  a  45  MeV 
traveling-wave  linac  with  a  2,3  cm  period,  Halbach-typc,  permanent  magnet 
wigglcr.  In  the  initial  conflguration  this  system  will  selectively  lase  within 
the  range  of  2-8  ^m.  It  will  operate  with  a  0.05%  duty  factor  and  with  an 
average  power  of  -.OW.  The  FEL  assembly  was  completed  during  the  winter 
of  1990-91 .  Testing  and  operation  of  the  FEL  were  subsequently  initiated. 
The  initial  operation  and  performance  of  the  FEL  are  reported  at  this  time. 

It  is  expected  that  the  laboratory  will  become  available  for  research  by  users 
during  summer  1991. 

1.  Introduction 

As  in  more  conventional  lasers,  FELs  create  coherent,  monochro¬ 
matic,  light  by  stimulated  emission  ampliflcation[l].  The  interaction  of  an 
electron  beam  with  specialised  magnetic  fields  replaces  the  conventional  laser 
medium.  Due  to  the  tunability  of  magnetic  field  strength  and  electron-beam 
energy,  the  FEL  is  continuo.isly  tunable  over  wide  ranges  of  the  spectrum. 
The  available  field  strengths  aud  electron-beam  characteristics  allow  FELs 
to  operate  in  unlased  parts  of  the  spectrum  and  avails  to  very  large  beam 
powers.  By  r.^tribining  this  tunability  with  operation  on  the  harmonics  it  has 
been  possible  to  tune  severed  FELs  over  more  than  an  order  of  magnitude 
in  wavelength[2].  This  distinguishes  them  as  the  most  broadly  tunable  laser 
available. 

Vanderbilt  has  successfully  operated  its  new  FEL  at  several  fre¬ 
quencies.  Spectra!  data,  power  measurements  and  operation^d  stability  are 
discussed  in  this  paper. 

2.  The  FEL  System 

The  Vanderbilt  University  FEL  was  built  and  installed  by  Sierra 
Laser  Systems.  This  laser  is  a  compact,  predominantly  infrared,  FEL.  It  is 
similar  to  the  Stanford  University  Mack  Ill  FEL[3].  The  FEL  is  controlled 
by  three  local  STD  bus,  IBM-type  computers  located  in  the  klystron  equip¬ 
ment  racks.  These  computers  communicate  via  Arcaet  with  the  operator 
interface  computer  located  in  the  control  room  or  in  one  of  the  experimental 
laboratories.  The  operator  computer  is  a  SUN  Microsysiems  386i  work¬ 
station.  The  computer  control  software  was  partially  supplied  by  Sierra  in 
cooperation  with  researchers  at  Vanderbilt. 

The  electron  beam  is  produced  by  an  rf  travelling-wave  electron 
linac  operating  at  2.856  GHz.  This  beam  is  created  in  an  rf-extracted  elec¬ 
tron  gun  with  a  LaB6  cathode[4].  The  ~1  MeV  beam  is  then  transported 
through  an  alpha  magnet  the*  compresses  the  pulse  temporally  and  clips 
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the  energy  tails[5].  After  the  alpha  magnet,  the  beam  is  transported  to  the 
entrance  of  the  accelerator.  The  maximum  energy  of  the  rf  linac  is  ~45 
MeV.  The  electron  beam  parameters  are  displayed  in  Table  1. 

The  wiggler  is  a  2.3  cm  period,  Halbach  type,  hybrid  design,  us¬ 
ing  permanent  magnets  with  steel  pole  pieces.  The  wiggler  parameters  are 
shown  in  Table  1.  There  are  208  SmCo  permanent  magnets  used  in  the 
wiggler. 

Table  1  also  shows  the  expected  laser  performance.  Tuning  of  the 
electron  energy  and  the  wiggler  field  strength  will  allow  lasing  from  2  to 
8  ;im.  To  lase  below  2  pm  the  laser  cavity  length  will  be  moved  to  the 
proper  length  to  facilitate  lasing  on  the  third  harmonic  of  the  fundamental. 
Mote  extensive  modifications  discussed  later  in  this  paper  will  allow  lasing 

Table  1.  Operation  Parameters  of  the  Vanderbilt  University  Free- 
Electron  Laser. 


Accelerator: 

Maximum  electron  energy  (MeV) 

45 

Micropulse  peak  current  (A) 

2040 

Macropulse  average  current  fiixA) 

100-200 

Energy  spread  (%) 

0.5 

Horizontal  Normalised  emittance  (xmm  -  mroif) 

4 

Vertical  Normalized  emittance  (Tmm  •  mrad) 

10 

Wiggler: 

Type 

Hybrid 

Length  (cm) 

120 

Wiggler  Period  (cm) 

2.3 

Number  of  magnets 

208 

Type  of  magnet 

SmCo 

Magnet  energy  product  (kJ/m®) 

180-210 

Maximum  rms  wiggler  field  (T) 

0.47 

Laser: 

Wavelength  (pm) 

1-8 

Micropulse  peak  power  (MW) 

0.5-2 

Micropulse  duration  (ps) 

0.5-3 

Micropulse  ener^  (pj) 

1  -  4 

Micropulse  repetition  rate  (GHz) 

2  856 

Macropulse  average  power  (kW) 

5-25 

Macropulse  duration  (ps) 

00 

sA 

O 

Macropulse  energy  (niJ ) 

1-200 

Macropulse  repetition  rate  (Hz) 

0-60 

Overall  average  power  (W) 

0-6 
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Figure  1.  Plan  view  of  the  laboratory  level  of  the  Vanderbilt  Uni- 
veriity  FEL  facility. 

in  different  regimes  of  the  apeetrum. 

The  laaer  ia  houaed  in  the  aecond  baaement  or  vault  of  the  Vender* 
bill  FEL  center.  Thia  building  ia  in  immediate  proximity  with  the  Medical 
School,  Engineering  School  and  the  Phyaica,  Chemlatry  and  Biology  Depart- 
menta.  The  laaer  light  ia  brought  up  to  the  flrat  baaement  and  diatributed 
to  the  laboratoriea  via  an  optical  beam  delivery  ayatem(figure  1.)  The  labo¬ 
ratory  level  ineludea  a  beam-diagnoatie  room,  control  room,  five  laaer  target 
rooma,  a  medical  auito  and  aupport  rooma.  The  medical  aulte  ineludea  two 
operating  rooma,  locker  roonaa,  a  computer  work  room  and  an  animal  care 
facility.  Initially,  one  operating  room  will  be  equipped  with  an  articulated 
arm  beam  delivery  ayatem  to  manipulate  the  laaer  during  aurgery. 

3.  The  Applicationa  Program 

The  FEL  center  at  Vanderbilt  Univeraity  is  intended  to  be  a  nv 
tional  resource  for  hio-medical  and  materials  science  research.  Presently  six 
schools  and  departments  at  Vanderbilt  are  collaborating  in  a  broad-based 
research  program.  In  the  future,  the  program  will  expand  to  include  use.s 
worldwide. 

The  core  applicatbns  are  characterised  by  close  relationships  be¬ 
tween  e-iperiments.  There  is  also  a  large  degree  of  collaboration  between  the 
scientists  on  various  projects.  The  experiments  on  materials  Kience  concen¬ 
trate  on  the  interaction  of  the  FEL  light  with  optical  materials,  crystals, 
mammalian  tissue,  and  adsorbates  on  surfaces.  In  biophysics,  there  will  be 
experiments  on  the  vibrational  spectroscopy  of  biopolymers  such  as  DNA, 
and  the  effect  of  crosslinking  of  RNA  on  the  synthesis  of  proteins  in  cells. 
Molecular  biology  experiments  will  explore  the  dynamics  and  function  of 
different  components  of  cell  membranes.  Surgery  and  medical  imaging  will 
be  the  initial  focus  of  the  medical  applications  portion  of  the  program. 

The  center  also  will  support  a  broad  group  of  external  users.  Re¬ 
search  proposals  will  be  accepted  in  medical  research,  biology  and  materials 
science.  Presently  several  well  known  scientists  have  expressed  interest  in 
coming  to  Vanderbilt  to  do  research. 

4.  Initial  Results 

The  electron  and  optical-beam  parameters  of  the  initial  operation 
of  the  Vanderbilt  FEL  program  are  shown  in  Tible  2.  We  have  observed 
laser  operation  at  2.S  pm  and  at  4.4  pm.  The  maximum  power  observed  at 
the  second  wavelength  was  1 1  kW  during  the  macropulse.  The  electron  en¬ 
ergy  measurement  was  obtained  by  simple  dipole  deflection  from  a  cahbrated 
steering  coil.  The  current  was  measured  by  a  beamline  current  toroid.  The 
optical  power  of  the  laser  pulse  was  determined  using  a  caubrated  pyroelec¬ 
tric  energy  meter.  The  wavelength  and  spectrum  data  were  obtained  using 


Table  2:  Operation  Ptirameters  of  Initial  Vanderbilt  FEL  Lasing. 


Initial  Lasing: 

Electron  beam  energy  (MeV) 

42±7 

Electron  beam  pulse  length  (ps) 

~6 

Accelerator  repetition  rate  (Hz) 

5.4 

Electron  peak  current  (inA) 

180 

Lasing  wavelength  (pm) 

2.53 

Laser  pulse  duration  (ps) 

~2 

Laser  energy  per  pulse  (mj) 

15 

Corresponding  peak  power  (kW) 

8 

Most  recent  data; 

Electron  beam  energy  (MeV) 

42±7 

Electron  beam  pulse  length  (ps) 

Accelerator  repetition  rate  (Ht) 

lO.l 

Electron  peak  current  (mA) 

190 

Lasing  wavelength  (pm) 

4.4 

Laser  pulse  duration  (ps) 

~2 

Laser  energy  per  pube  (mJ) 

22 

Corresponding  peak  power  (kW) 

11 

a  McPherson  0.3  m  monochromator  and  a  gold-doped  germanium  detector. 

Figure  2a  shows  the  most  recent  spectrum  of  the  laser  at  4.4  pm. 
The  shoulder  an  the  low  wavelength  side  of  the  peak  was  not  understood 
initially.  By  taking  an  expanded  spectrum,  figure  2b,  it  was  determined  that 
the  laser  was  losing  at  two  different  frequencies.  By  setting  the  monochrom- 
eter  at  each  peak,  and  looking  at  the  laaer  intensity  during  the  macropulM, 
it  was  determined  that  the  laser  was  initially  lasing  at  the  longer  wavelength, 
shutting  off,  and  re-starting  at  the  shorter  wavelength.  It  is  believed  that 
this  behavior  is  due  to  a  slewing  of  the  energy  during  the  macropulse.  This 
slewing  could  be  easily  caused  by  self-heating  of  the  cathode,  thus  changing 
the  energy  of  the  electrons  into  the  alpha  magnet.  The  path  of  the  electrons 
would  also  change  and  thus  the  phase  between  the  gun  and  the  accelerator 
wou.d  be  affected.  Figure  3  shows  the  laser  intensity  during  the  macropulse 
when  tht  ...’c  vas  slightly  re- uced.  This  shows  the  loser  cycling  on  and 
off  three  tim-- 


Figure  2.  Initial  spectrum  of  the  laser  operation  a)  shows  the 
spectrum  from  2  0  to  8  0  pin  b)  shows  expansion  of  a)  from  4  2  to  4  7  pm. 
This  spectrum  shows  lasing  at  two  different  frequencies 


ri|U(«  3.  L«Mr  inteniity  duting  mtctopulM.  Begining  and  ending 
of  eleetton  b«nm  current  are  labeled.  The  three  peaks  show  the  laser  cycling 
on  and  off  during  the  macropulse. 


Wavelength  (m) 

Figure  4.  Available  power  versus  available  wavelength  for  the  Van¬ 
derbilt  free  electron  laser  center.  This  plot  includes  the  machine  upgrades 
that  are  presently  funded. 


(.  Present  Expansions 

Bringing  the  laser  to  design  performance  is  the  main  thrust  of  the 
Vanderbilt  FEL  team  at  thU  Urns.  Work  has  also  begun  on  many  improve- 
menu  to  the  basic  laser  system  to  broaden  the  hinctionality  of  the  center. 

In  order  to  reach  the  longer  wavelengths  in  the  far  infrared,  a 
Cerenkov  resonator  will  be  built  and  installed  on  the  beamline  after  the 
wiggisr.  This  will  allow  lasing  In  the  wavelength  region  ftom  60  to  200 
A  Cerenkov  FEL  operates  by  interacting  an  electron  beam  with  a  travelUng 
eisetromagnstie  wave.  The  phawi  of  the  e-m  wave  is  lynehranised  to  the 
^tton  velocity  by  use  of  a  dielectric-loaded  waveguide[6].  The  itiicropulse 
peak  poirer  is  predicted  to  bo  of  the  order  of  lOM  W. 

Using  an  alternate  eleetioa  beam  line  that  will  start  after  the 
wiggles,  the  electron  beam  can  be  directed  toward  a  secondary  beam  chase 
that  leads  to  the  laboratory  level.  By  Uanaporting  the  laser  light  to  collide 
with  the  elsctroo  beam,  intense,  monochromatic,  yet  incoherent,  X-r^ra 
can  be  created  with  Compton  backseattering{7].  After  the  interaction,  the 
eleetrons  are  returned  to  the  beam  Ime  just  before  the  beam  dump.  These  X- 
raya  are  important  for  a  variety  of  apphcations  including  mkroseopy,  medical 
ima^og  and  therapy.  The  X-ray  facility  will  initially  operate  at  wavelengths 
from  Snro  (40  eV)  to  0.06  nm  (20  keV.)  Figure  4  shows  the  available  power 
verms  the  available  spectrum  for  the  Vanderbilt  FEL  center. 

Incorporation  of  laser-irradiated  cathodes  will  be  another  impor¬ 
tant  modification  to  the  present  gun  configuration.  This  will  include  laser 
heated  cathodes  and  photoelectric  cathodes.  This  improvement  will  al¬ 
low  greater  control  over  the  FEL  pulse  structure  and  will  increase  the 
beam  brightness  and  thv-efore  FEL  gain.  Other  improvements  will  facil¬ 
itate  shorter  macropulaes,  shorter  wavelengths  and  shorter  micropulses. 

6.  Conclusions 

The  Vanderbilt  University  free  electron  laser  facility  has  begun 
operation.  While  the  initial  data  are  sparse  the  operation  of  the  machine 
is  improving.  Further  analysis  of  the  energy  slewing  is  presently  being  ac¬ 
complished.  Other  than  excessive  delays  due  to  parallel  debugging  of  the 
computer  system  and  the  FEL,  the  project  has  progressed  nominally.  This 
summer,  the  facihty  will  be  made  available  to  the  initial  users  This  center 
is  expected  to  become  a  national  resource  for  research  in  biomedical  and 
materials  science  research  With  the  facility  upgrades  that  are  planned,  this 
FEL  center  will  offer  a  powerful  ■■rriy  of  wavelenglhs,  pulse  structures  and 
beam  powers  for  a  myriad  of  experiments 
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Abstract 

A  spectrum  of  coherent  synchrotron  r&di&tion  were  mea¬ 
sured  at  wavelengths  from  0.16  to  3.5  mm.  A  bunch  shape 
was  estimated  by  the  Fourier  analysis  for  this  spectrum. 
This  result  agrees  with  that  of  simulation  for  the  bunching 
process  the  injector  of  the  accelerator.  The  interferen¬ 
tial  effects  between  radiation  which  were  emitted  by  the 
successive  bun  ^hes  were  observed  by  an  interterometer.  It 
wu  shown  that  every  radiation  had  the  same  phase  when 
it  was  emitted  by  a  bunch. 

I.  Introduction 

In  1989  the  coherence  effects  in  SR  were  observed  for 
the  first  time  from  short  bunches  accelerated  by  an  electron 
linac[l].  It  had  a  continuous  spectrum  and  its  intensity  was 
more  than  10*  times  as  strong  as  that  of  ordinary  SR  at 
A  s  0.33  'V  2.0  mm.  This  enhancement  factor  was  almost 
as  same  order  as  N,  the  number  of  electrons  in  a  bunch. 
The  radiation  intensity  was  proportional  to  square  of  the 
beam  current  or  N^,  Radiation  was  mainly  polarized  in  the 
orbital  plane.  The  spectrum  of  coherent  SR  was  dominated 
by  the  bunch  length  of  the  electron  beam  as  expected  by 
the  theory (2,  3j. 

We  will  present  the  measured  spectrum  and  discuss 
about  the  relation  between  the  bunch  shape  and  the  spec¬ 
trum.  The  interferential  effects  among  radiation  from  dif¬ 
ferent  bunches  were  observed  by  an  interferometer  to  show 
a  direct  evidence  of  coherent  SR. 

II.  Experimental  Method 

The  experiment  was  ceirried  out  using  the  Tohoku  300 
MeV  Linac  whose  accelerating  frequency  was  2856  MHz. 
In  this  experiment  the  electrons  were  accelerated  up  to 
an  energj'  of  150  MeV.  A  duration  of  the  bunch  train,  or 
buret  width,  was  2  ^sei:  and  its  repetition  rate  was  300 
pulses/sec.  The  bunch  length  was  designed  to  be  1.2  mm 
(4"  in  IIF  phase)  at  the  end  of  the  first  accelerating  struc¬ 
ture,  where  the  beam  energy  wac  10  MeV.  Accelera -ed  elec¬ 
trons  were  led  to  an  experimental  room  through  a  beam 
transport,  where  the  bunch  length  would  be  stretched  to 


about  1.7  mm  (6“).  The  number  of  electrons  in  a  bunch 
was  about  3.6x10*  at  an  average  beam  current  of  1  itA. 
The  transverse  beam  size  was  about  2x2  mm^  and  the 
beam  energy  spread  was  0.2  %. 

The  field  strength  of  a  bending  magnet  which  was  used 
to  generate  SR  was  0.206  T  and  a  bending  radius  was  2.44 
m  at  the  light  emitting  point  of  the  electron  orbit.  The 
layout  of  the  experimental  setup  is  given  in  Rei'.(l,  2,  3). 

Emitted  SR  was  collected  by  a  spherical  mirror  with 
the  acceptance  angle  of  70  mrad  and  was  led  to  a  far^ 
infrared  spectrometer  of  Czerny-Turner  type  through  a 
crystal  quartz  window.  Five  echelette  gratings  were  pre¬ 
pared  to  obtain  a  precise  spectrum  of  coherent  SR  in  the 
wavelength  region  from  0.1  mm  to  4.0  mm.  The  resolution 
(dA//.)  of  the  spectrometer  was  about  0.01  at  A  1  mm. 
The  intensity  of  SR  was  detected  by  a  LHe-cooled  silicon 
bolometer.  The  absolute  sensitivity  of  the  measuring  sys¬ 
tem  was  calibrated  by  a  blackbody  radiator,  which  was  a 
graphite  cavity  of  1500  K.  Details  of  the  spectrometer  and 
the  calibration  method  are  given  in  Ref.(4].. 

An  interference  experiment  was  carried  out  to  clarify  the 
emission  mechanism  of  coherent  SR.  An  interferogram  of 
pulsed  SR  from  the  successive  bunches  was  measured  by  a 
polarizing  interferometer|5].  The  schematic  layout  of  the 
interferometer  is  shown  in  Figure  1.  Radiation  which  was 
emitted  by  a  bunch  was  delayed  by  AL,  the  optical  path 
difference  between  two  arms,  and  interfered  with  another 
radiation  which  was  emitted  by  the  next  bunch.  The  dis¬ 
tance  between  the  successive  bunches  Lb  was  104.97  mm, 
which  corresponded  to  the  wavelength  of  the  accelerating 
RF.  As  the  variable  range  of  AL  was  from  -9  to  110  mm, 
it  covered  the  bunch  distance  Lb<  (For  details  of  the  in¬ 
terferometer  see  Ref.  (6)) 

III,  Experimental  Results 

As  is  shown  in  Figure  2,  the  complete  SR  spectrum  was 
obtained  in  the  wavelength  region  of  0.16  -v  3.5  mm.  Ra¬ 
diation  intensity  is  normalized  for  a  bunch  of  N  =  1  x  10*, 
which  corresponds  to  an  average  beam  current  of  0.28 
liA.  The  spectrum  is  continuous  in  these  wavelengths  and 
shows  a  broad  peak  at  A  ~  1.5  mm.  The  intensity  de¬ 
creases  rapidly  for  A  <  G.5  mm.  The  enhancement  factor 
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A  s  1  nun  is  obtained  to  be  0.92x10^,  which  is  almost 
M  tune  valne  as  N. 

According  to  the  classical  electromagnetic  theory,  the 
intennty  of  coherent  SR  Ieeh{<^) »  given  by 

Icokiu>)  =  lincMil  +  (N  -  l)F(u/)}  (1) 

Fiw)  =  |y  e^‘'"'f/®5(r)dr  (2) 

where  5(r)  is  the  density  distribution  of  electrons  in  a 
bundt,  n  a  unit  vector  toward  the  observing  point  and 
F((v)  a  bunch  form  factor  defined  by  the  Fourier  transform 
of  5(r).  Assuming  that  the  bunch  shape  5(r)  is  an  even 
fuBC^n  ^  r,  we  can  estimate  the  bunch  shape  by  using 
the  Fourier  transform  from  the  observed  SR  spectrum.  Es* 
timated  bunch  shape  is  shown  in  Figure  3(a).  The  bunch 
sh^^e  resembles  a  Gaussian  function  with  a  sharp  peak. 
The  longitudinal  bunch  length  is  about  0.26  mm  at  full 
width  of  a  half  maximum,  which  is  much  shorter  than  the 
bundt  length  of  1.7  mm  estimated  from  the  characteristics 
of  the  Unac. 

In  order  to  examine  a  possibility  of  the  sharp  structure 
of  the  electron  distribution  in  the  bunch,  the  bunching 
process  wu  simulated  by  tracking  the  longitudinal  motion 
of  the  electrons.  The  calculation  was  carried  out  according 
to  the  formulae  in  Ref.  (7, 8] 

The  bunch  sh^)e  depends  strongly  on  the  relative  phase 
of  the  RF  supplied  to  the  prebuncher,  buncher  and  the 
first  accelerating  structure.  One  ot  the  result  of  this  sim¬ 
ulation  is  shown  in  Figure  3(b).  The  main  body  of  the 
bunch  is  1.3  mm  in  longitudinal  length  and  it  has  three 
spikes,  which  are  about  0.1  mm.  This  result  is  not  an  ex¬ 
act  but  similar  shape  as  our  experimental  condition,  and 
is  consutent  with  the  result  ol  Figure  3(a).  The  effects  of 
tne  beun  loading  and  the  space  charge  are  not  taken  into 
account  in  the  above  simulation.  To  consider  these  effects, 
a  rough  calculation  was  done  by  the  one-dimensional  disk 
model(9].  The  beam  intensity  was  so  small  that  the  results 
wu  almost  same  u  Figure  3(b). 

The  observed  interferogram  by  the  interferometer  is 
shown  in  Figure  4.  It  is  clear  that  the  interference  modu¬ 
lation  at  around  AXi=0  mm  is  repeated  at  around  AA  = 
Xi0slO5  mm.  The  first  modulation  at  around  A£=0  mm 
shows  the  interference  of  SR  from  a  bunch  with  itself,  and 
the  second  one  at  around  AL  =105  mm  corresponds  to  the 
mutual  interference  wi-  h  radiation  from  the  next  neighbor 
bundk.  These  two  in'erfcrence  modulation  patterns  are 
congruous  with  each  ther  within  the  accuracy  of  the  ex¬ 
periment,  i.e.  the  fir.,t  radiation  emitted  by  a  bunch  has 
the  same  amplitude  and  phase  as  the  second  one  by  the 
next  bunch.  This  is  a  direct  evidence  that  observed  radia¬ 
tion  is  coherent. 

IV.  Conclusion 

Two  additional  important  results  were  obtained  by  the 
recent  experiments. 


1)  The  bunch  length  which  is  calculated  by  Fourier  anal¬ 
ysis  of  the  radiation  spectrum  is  consistent  with  the  simu¬ 
lated  result  of  the  bunching  process  in  the  injector  of  the 
linac. 

2) The  coherent  property  of  radiation  was  directly  ob¬ 
served  by  the  interferometer., 
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FifUK  1.  Interfetometer  to  meaaure  the  interfeience 
•fleet  between  the  bunches.  Ml,  M3,  MS  and  M7:  plane 
nitton,  M2,  M4  and  M6:  coiliroatcws,  WGI  and  WG2: 
wile  fride,  PM  and  MM:  fixed  and  moving  mirrors,  DS 
and  DM:  LHe-cooled  silicon  bolometer  for  detecting  the 
signal  and  monitoring. 


10’"  lO"'  10’®  I0*‘  10-“  I0-®  I0-*  10"  10° 
WAVE  LENGTH  (m) 

Figure  2.  An  observed  spectrum  of  coherent  SR.  The 
intensity  is  normalized  for  a  bunch  of  1  x  10*  electrons. 
A  curve  at  the  bottom  is  the  calculate  intensity  for  in¬ 
coherent  SR.  Three  circles  are  the  measured  intensity  of 
visible  SR  to  confirm  the  absolute  value  of  this  e.xperi- 
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Figure  3.  Longitudinal  bunch  shape  obtained  (a)  from 
SR  spectrum  and  (b)  by  the  simulation  of  the  bunching 
process. 
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Figure  d.  Interferogram  of  coherent  SR. 

(a)  Full  picture. 

(b)  Enlarged  detail  at  around  Ai  =  0  and  105 
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Abstract 

The  response  of  electrostatic  button-type  pickups  for  the 
measurement  of  the  transverse  position  of  charged  particle 
beams  was  investigated  and  analytical  formulae  were  obtained 
for  the  signal  as  a  function  of  time  t  and  the  coordinates  of  the 
beam  and  the  electrodes.  The  study  was  done  for  beam  pipes 
of  circular  and  elliptic  cross  sections,  for  rectangular  and  non- 
rectangular  electrodes,  and  for  several  cases  of  longitudinal 
beam  profiles.  The  numerical  results  show  good  agreement 
with  the  analytical  results,  except  that  the  presence  of  the 
photon  beam  channel  and  the  antechamber  causes  finite  offset 
(~20  (im)  of  the  electrical  center  in  the  horizontal  direction. 
Time  domain  analysis  indicates  that  the  error  in  the 
measurement  of  the  beam  position  using  circular  electrodes  as 
compared  to  rectangular  ones  was  found  to  be  less  than  100 
(un  per  1  cm  of  beam  excursion  from  the  center  of  the  beam 
pipe  for  the  case  of  APS  storage  ring  vacuum  chamber. 

I.  Introduction 

For  capacitive  pickup  devices[l-3],  the  position  of  the 
charged  b^m  is  measured  through  the  difference  between  the 
electric  potentials  which  develop  on  the  electrodes.  For  highly 
relativistic  beams,  the  image  charge  has  the  same  longitudinal 
distribution  as  the  beam,  due  to  the  Lorentz  contraction  of  the 
longitudinal  component  of  the  electric  field. 

In  this  article,  we  will  analyze  the  response  of  the  button 
electrodes  in  both  the  frequency  and  the  time  domains  as  a 
function  of  the  transverse  position  of  the  beam,  taking  into 
account  the  finite  size  of  the  electrodes.  The  analytical  model 
assumes  a  simple  elliptic  geometry  for  the  beam  chamber. 
The  results  are  compart  with  those  obtained  numerically  for 
the  actual  APS  beam  chamber,  and  they  will  be  shown  to 
agree  quite  well.  This  justifies  the  use  of  the  analytical  model 
rather  than  the  time-consuming  numerical  methods  to  find  the 
optimal  position  and  size  of  the  electrodes  and  to  analyze  how 
the  shape  of  the  electrodes  affect  the  beam  position 
measurement. 

II.  MONITOR  RESPONSE 

Consider  an  infinitely  narrow  beam  moving  along  the 
longitudinal  direction  with  the  constant  velocity  V. 
Following  the  procedure  by  Cupdrust4],  instead  of  solving  the 
full  electromagnetic  problem  directly  in  the  lab  frame 
(unprimed),  we  will  transform  to  the  reference  frame  (primed) 
where  the  beam  is  at  rest,  obtain  the  field  and  then  uansform 

♦Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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back  to  the  lab  frame.  The  electric  field  E  in  the  lab  frame  is 
then,  using  the  Lorentz  transformation, 

E||  =  E'ii,  and  Ex  =  yEx,  (1) 

where  Y=  (1  -  v2/c2)-l/2_  problem  is  reduced  to 

that  of  an  electrostatic  case  with  linearly  distributed  charges.[S] 
We  will  first  concentrate  on  the  frequency  domain,  and  then 
discuss  the  solution  in  the  time  domain.  Decomposing  the 
electric  potential  «I>’(x,  t)  into  Fourier  components,  we  write 

«f(x.t)=  J  dk  e**^  Vt)  <i>-(xi.  k).  (2) 

where  the  linear  dispersion  relation  (o  =  kV  was  assumed.  The 
integration  variable  k  extends  from  -<»  to  +».  Then  the 
induced  current  Ip  can  be  expressed  as 

f  c/  ^  9«I>’(xx.  k) 

Ip(k)  =  iTEokV  J  dS  c‘k(2  •  =^1 )  -  (3) 

The  integration  is  done  over  the  area  of  the  electrode  surface, 
and  z\  is  the  z-coordinate  of  a  reference  point,  e.g..  the  center 
of  the  electrode  Zp.  n  is  the  direction  normal  to  the  electrode 
surface.  If  the  electrode  is  connected  by  a  coaxial  line  of 
characteristic  impedance  Zq  and  if  the  capacitance  between  the 
electrode  and  the  beam  chamber  is  Cp,  then  the  overall 
impedance  Zp(k)  for  the  electrode  will  be 

Zp(k)=(^-ikVCp)-l.  (4) 

If  there  is  frequency  filtering  represented  by  F(k),  the  measured 
voltage  Vp(k)  will  be 

Vp(k)  =  Zp(k)Ip(k)F(k).  (5) 


Fig.  i:  Geomeuy  of  the  beam  chamber  and  the  pickup 
elccuodes. 
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From  Eqs.  (3)  and  (5),  it  suffices  to  solve  the  Poisson 
equation  for  the  2-D  static  potential  4>’(xi.  If)  to  obtain  the 
electrode  response  Vp.  The  equation  is  analytically  solvable  if 
the  beam  chamber  geometry  is  somewhat  simpliHed.  In  this 
woric,  elliptic  coordinates  will  be  used  to  approximate  the  APS 
beam  chamber.  We  will  consider  highly  relativistic  beams 
only.  The  current  Ib  carried  by  the  beam  is  represented  by 


oo 

P(xio)  =  Po(XiO)  +  Pm(xio) .  (13) 

For  the  elliptic  case, 

Pm(XiO)  =  i“'^'  ®m(ltO.  0O)-  (14) 

*  ^mO 


Ib(k)  = 


QbVDQc) 

2it  ’ 


D(0)  =  1. 


(6) 


Qb  is  the  total  charge  in  a  single  bunch  and  D(k)  is  the  Fourier 
transform  of  the  longitudinal  charge  distribution  p(z). 

Assuming  a  rectangular  electrode  flush  with  the  interior 
surface,  the  electrode  current  Ip(k)  can  be  expressed  as 


•Ib(k)sinkAzG(po.  %), 


where 

OO 

G(no.  eo)  =  1  +  2  X  Gm(W).  00).  (8) 

m  =  1 


Once  the  longitudinal  charge  distribution  p(z)  and  the 
filtering  function  F(k)  are  known,  it  is  straightforward  to 
calculate  the  electrode  response  Vp(t).  For  certain  cases  of 
p(z),  it  is  possible  to  evaluate  Vp(',)  analytically  using  the 
residue  theorem  of  complex  variables.  In  the  discussion 
below,  we  will  use  the  following  parameters;  Cp  =  6  pF,  Az  = 
0.5  cm,  o  =  1  cm,  Qb  =  3.5  nC  /  mA  (single  bunch),  Xp  = 
1.38  cm.  Figure  2  shows  the  electrode  signal  Vp(t)  without 
frequency  filtering.  If  the  electrodes  are  not  rectangular,  the 
results  arc  similar  but  a  bit  more  complicated.  One  notable 
difference  is  that  Vp(t)  for  non-rectangular  electrodes  is  not 
separable  as  in  Eq.  (1 1). 

III.  BEAM  POSITION  MEASUREMENT 


and 

Gm(W).  00)  =°costm!i^^°‘‘ 

sin  mOo  sin  mOp.  (9) 

sinh  mpp  “  P*  ' 

Here,  A6  and  Az  are  half  the  angular  and  the  longitudinal  sizes 
of  the  rectangular  electrode.  The  subscripts  0  and  p  denote  the 
bunch  and  the  electrode,  respectively.  From  Eqs.  (5)  and  (7), 
the  coupling  impedance  Zc(k)  can  be  obtained; 


As  shown  in  Fig.  I,  four  button'type  pickups  will  be 
installed  for  each  unit.  The  quantities  Ax,  Ay  and  £  are  defined 
as  follows. 

Ax  =  Vpi  +  Vp4  •  Vp2  •  Vp3, 

Ay  =  Vpi  +  Vp2-Vp3-Vp4.  (15) 

£  =  Vpi  +  Vp2  +  Vp3  +  Vp4. 

The  horizontal  and  the  vertical  positions  of  the  beam  are 
then  determined  from 


Zc(k)  = 


Vi>(k) 

m 


Xq  "  £  *  Sx^o  +  Rx»  Yo  "  *=  Syyo  +  Ry* 


=  -i^  sin  kAz  G(mo.  00)  Zp(k)  F(k).  (10) 

In  the  time  domain,  we  find  from  Eq.  (5)  that  Vp(t)  is 
separated  into  the  time-dependent  and  the  position-dependent 
factors  for  rectangular  electrodes  as 

Vp(t)  =  T(t)P(xio),  (11) 

where 

Qw\0  j*  eik(zi-Vt) 


Zp  •  V!  (m  units  of  Az) 


and 


(12) 

'  '  Fig.  2;  The  electrode  signal  Vp  as  a  function  of  time  t 
without  frequency  filtering.  Zp  is  the  electrode  center 
coordinate  and  Az  is  half  the  longitudinal  size. 
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Analytical 

result 

NumerieJ 

result 

yo  (cm) 

Sx  (cm-l) 

Sx  (cm-l) 

Rx 

0.0 

0.569 

0.565 

-0.0011 

0.2 

0.580 

0.576 

-0.0011 

0.4 

0.616 

0.610 

-0.0011 

0.6 

0.676 

-0.0010 

0.8 

0.763 

0.747 

-0.0010 

1.0 

0.877 

0.850 

-0.0009 

1.2 

1.017 

0.974 

-0.0008 

1.4 

1.178 

1.113 

-0.0008 

Table  1:  Comparison  between  the  analytical  and  the  numerical 
results  for  the  x  direction.  The  offset  R*  for  the  analytical 
case  is  zero. 

The  linear  approximation  is  valid  only  when  xq  and  yo  are 
small.  Sx  and  Sy  are  the  sensitivity  functions  and  Rx  and  Ry 
are  the  offset  errors.  Figure  3  shows  Xo  as  a  function  of  the 
beam  position  xo  for  several  cases  of  yo,  and  Fig.  4  shows  the 
contour  plotting  of  both  Xo  and  Yo.  Table  1  lists  the 
sensitivity  function  Sx  obtained  analytically  for  the  elliptic 
beam  chamber  and  numerically  for  the  actual  APS  beam 
chamber.  The  two  results  agree  quite  well.  The  finite  offset 
error  Rx  is  due  to  broken  symmetry  in  the  x-direction  due  to 
the  presence  of  the  photon  beam  channel  and  the  antechamber. 
The  optimal  position  of  the  electrodes  which  gives  the  same 
sensitivity  in  both  x  and  y  directions  was  found  to  be  Xp  s 


O 


Fig.  3:  The  ratio  Ax/£  as  a  function  of  the  beam  position  xo 
for  several  cases  of  yo. 


1.32  cm.  However,  this  was  shifted  to  Xp  =  1.38  cm  due  to 
the  mechanical  constraint  of  the  mounting  flanges. 

If  the  electrodes  are  not  rectangular,  Xo  and  Yo  arc  time- 
dependent,  and  the  result  of  measurement  will  depend  on  the 
timing  of  data  acquisition.  This  error  due  to  the  timing  jitter 
will  be  larger  for  wide-band  detection  than  for  narrow-band 
detection  at  low  frequency,  say,  a  few  hundred  MHz.  The 
measurement  error  can  be  expressed  as 

6Sx(t) 

=  (17) 

Sx(t)  is  the  sensitivity  as  a  function  of  time.  Using  hexagonal 
electrodes  in  place  of  circular  ones  to  facilitate  analytic 
integration  over  the  electrode  surface,  typical  error  is  found  to 
be  less  than  100  tim  per  1  cm  of  beam  excursion  from  the 
beam  enamber  center.  It  is  to  be  noted  that  it  will  diverge  to 
infinity  when  £  crosses  zero  while  Ax  docs  not.  If  the  timing 
jitter  is  small  (less  than  10  ps)  or  if  a  narrow  band  detection 
scheme  at  a  few  hundred  MHz  is  used,  this  error  will  be 
reduced  to  a  negligible  level  (less  than  10  [tm  /  cm). 

IV.  Conclusion 

The  characteristic  of  the  BPM  system  for  the  APS  storage 
ring  was  studied  analytically  and  numerically,  and  the  results 
agree  very  well,  'fhis  suggests  that  the  presence  of  the  photon 
beam  BPM  system.  Using  the  analytical  model,  the  optimal 
position  of  the  electrodes  was  determined  such  that  the  sensiti¬ 
vity  is  as  close  as  possible  in  x  and  y  directions  taking  into 
account  other  mechanical  constraints.  A  possible  source  of 
error  in  the  mcasuicmcnt  of  the  beam  position  using  non- 
rcciangular  electrodes  v'as  analyzed.  The  error  was  found  to  be 
typically  of  the  order  of  100  ttm  per  1  cm  of  beam  excursion 
from  the  center  of  the  beam  chamber  and  can  be  reduced 
significantly  by  employing  proper  timing  schemes  luid  signal 
pixicessing. 
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Fig.  4;  The  contour  plotting  for  Xq  =  Ax/2  and  Yq  =  Ay/2 
for  the  elliptic  beam  chamber. 
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Abstract 

A  short-circuited  stripline  position  detector  which  would 
operate  in  flowing  liquid  helium  has  been  prototyped  for  the 
Supercollider  main  rings.  Each  sensing  device,  at  968  locations  in 
each  ring,  consists  of  four  IS  cm  long,  SO  O  strip  transmission  lines. 
To  maximize  signal  •  to  •  noise  ratio  and  reduce  orthogonal 
sensitivity,  each  electrode  subtends  70  degrees  of  the  37  mm  aperture. 
Electrical  to  mechanical  centers  are  proposed  to  be  maintained  within 
O.IS  mm  radius  by  accurate  tooling,  so  individual  calibration  would 
not  be  renuired.  A  radiation  resistant,  impedance  matched  vacuum 
feedthroi  h  which  is  integral  to  the  output  signal  cable  is  being 
considered.  Because  of  the  large  quantity  of  detectors  and  inherent 
difficulty  of  replacement,  reliability  and  manufacturability  received 
the  greatest  concern  during  the  design. 

I.  Introduction 

A  Collider  position  detector  design  was  needed  early  in  the 
SSC  project,  since  the  detector  resides  within  the  cryogenic  helium 
and  vacuum  environment  of  the  spool  piece.  The  detector  desi^ 
therefore  preceded  the  existence  of  a  comprehensive  Beam  Position 
Monitor  (BPM)  plan.  Nonetheless,  an  early  detector  design  proved 
useful  in  several  ways.  The  design  addressed  space  allocation  for 
position  detectors,  mechanical  tolerances  of  the  BPM  relative  to  the 
magnetic  correction  elements,  and  a  host  of  cryogenic  issues,  such  as 
heat  leak,  thermal  expansion,  and  thermally  induced  changes  in 
"nterial  properties.  The  design  and  fabrication  of  the  devices  also 
tested  the  entirely  new  procurement,  drafting,  and  mechanical  design 
departments  within  the  laboratory.  SSCL  competitively  bid  the  task  of 
falsricating  two  detectors,  and  the  component  parts  for  two  more.  The 
shell  and  electrodes  were  fabricated  by  a  precision  machine  sbop  in 
the  Dallas.  Tk.  area.  The  feedthrough  cable  assembly,  itself  the 
subject  of  intense  investigatioii,  was  made  by  a  specialty  cable  house 
arid  installed  at  detector  assembly.  The  result  of  this  early  design  work 
is  shown  in  Figure  1. 

The  BPM  system  must  provide  accurate  position  and  coarse 
intensity  signals  under  the  various  operating  conditions  of  the 
Collider  during  nachine  commissioning,  at  Collider  design  intensity, 
in  fault  diagnosis,  and  during  specialized  accelerator  studies.  The 
system  may  also  be  called  upon  to  help  protect  superconducting 
magnets  by  reflexively  sending  abort  signals  if  the  closed  orbit  at  any 
detector  exceeds  a  preset  limit.  The  detectors  will  be  located  at  the 
sextupole  end  of  each  magnet  correction  package,  every  90  m  half  • 
cell  length.  Elach  sensing  device  measures  both  horizontal  and 
vertical  position.  Strips  short  -  circuited  at  one  end  may  be  used  since 
directionality  is  not  required  in  ihe  Collider,  and  this  measure  also 
saves  cost,  reduces  heat  leak,  and  improves  rehabilit;. 

♦SSC  operated  by  the  Universities  Research  Association  Inc.,  for  U.S. 
Department  of  Energy  under  ConU'act  DE-AC02-89ER40486. 
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II.  Detector  Design 

Beam  current  in  the  machines  is  characterized  by  individual 
bunches,  nominally  14  cm  FWHM  and  separated  by  5  m  intervals. 
The  stripline  area  must  be  sufficient  to  produce  at  least  -40  dbm  signal 
power  at  the  Collider  commissioning  levels  of  2  x  10*  protons  per 
bunch  (ppb).  This  is  about  the  minimum  signal  power  required  by 
AM/PM  or  log  ratio  processing. 


\ 


Figure  J.  Collider  Beam  Position  Detector 

As  the  desirable  properties  of  stripline  monitors  are  well 
known,  standard  design  equations  from  various  sources  are  available 
[1].  The  Sm  bunch  spacing  suggests  strips  of  IS  cm  length  and  a 
characteristic  impedance  in  the  SOU  to  15  Q  range.  So  that  the 
electrodes  will  not  be  aperture  defining  elements,  and  to  maintain  the 
selected  impedance,  the  beam  tube  bulges  out  around  them.  See 
Figure  2.  The  electrodes  are  also  recessed  2  mm  outside  the  aperture 
so  that  synchrotron  radiation  cannot  strike  them.  (Synchrotron 
radiation  impacts  the  detector  design  by  its  ability  to  produce  noise  in 
the  electronics).  Both  the  body  of  the  detector  and  the  strip  are 
gradually  tapered,  up  to  the  point  where  the  coaxial  pin  and  strip 
connect,  to  improve  the  electrical  transition  between  the  two 
geomeuies  The  final  geometry  of  the  connection  is  expected  to  be 
determined  empirically  using  TDR  The  downstream  end  of  the 
detector  will  be  rigidly  attached  to  the  sex'upole  support  plate, 
although  the  method  is  not  resolved.  In  the  present  design,  each 
detector  is  located  by  two  0.25  in  diameter  pins  on  the  cold  mass  end 


1124 


iplatc;  One-pin  is  diamond  shaped  sp.that  a  bit  of  clocking  oh  the 
round  pin  ifpossible.Tkee  imchine  bolts.tightcn  the  detector  flange 
to  the  spool  piece  plate.  *^6  flanges  may  then  be  tack  welded  together 
to  fix  the  transverse  afignment  indefinitely.  Advwtages  to  this  method 
are  that- the.  distortion  of  a  heavy  vacuum  waling  weld  are  avoided, 
disassembly  for  repair  is  easy,  and  the  bolt  arrangement  allows  easy 
installation  on  a  test  stand:  The.  detector  is  designed  vvith  a  tailpiece 
section  of  beam  pipe,  which  will  be  robot  welded  to  the  beam  tube 
during  spool  manufacturing.  This  weld  is  readily  inspectable  before 
the  detector  assembly,  is  butted  against  the  cold  mass  end  plate. 

III.  Materials 

Ionizing  radiation  will  be  present  in  the  Collider  and  other 
circular  accelerators,  with  the  position  detectors  duly  exposed. 
Estimates  of  energy  deposition  in  devices  close  to  the  beam  pipe  have 
been  made  by  several  authors  [23.4].  Radiation  ex^sure  results  from 
beam  scattering  on  residual  gas,  beam  scraping  on  the  beam  tube,  and 


cryogenic  feedthroughs  used  in  the  Fermiiab  Tevatron  [5].  Among  the 
Stainless  steels,  types  310  or  316LN  are  a  good  choice  for  cryogenic 
applications. 

IV.  Vacuum  Feedthroughs 

^ch  position  detector  requires  four  vacuum  feedthroughs,  so 
7,744  are  required  by  the  two  Collider  rings.  Because  of  the  great 
quantity  of  feedthroughs,  and  the  inherent  difficulty  of  replacement, 
these  components  must  be  yery  reliable.  A  detector  MTBF  of  about 
10^  hours  keeps  the  downtime  of  the  Collider  to  one  week  of  every 
five  years  operation,  from  BPM  failures  alone.  Detector  failure  is 
defined  as  that  failure  that  prevents  machine  operation.  It  could  result 
from  a  helium  to  beam  vacuum  leak,  a  striplinc  electrode  collapsing 
into  the  beam  aperture,  or  other  unforeseen  mode.  In  tltis  emly  design, 
the  feedthrough  and  signal  cable  to  the  outside  of  the  cryostat  arc  an 
integral  assembly.  The  feedthrough  is  not  the  usual  demountable 
connector,  such  as  SMA.  This  is  done  because  the  outer  body  of  the 


catastrophic  beam  loss.  The  lifetime  radiation  dose  of  beam  detectors 
in  the  Collider  arcs  will  probably  fall  in  the  range  30  to  300  Mrads.  A 
small  number  of  detectors  hear  the  Interaction  Regions  may  see  doses 
up  to  30  Grads.  This  radiation  restricts  the  choice  of  materials  that 
might  be  used  in  the  detector.  Some  organic  dielectrics,  used  in  high 
frequency  work,  must  be  excluded  from  consideration  as  mechanical 
support  materials.  Materids  tliat  possess  radiation  hardness,  low 
outgassing  rate,  maintain  dimensions  over  life,  have  good  RF 
properties,  such  as  low  loss  and  reasonable  permittivity,  are  few. 
Ceranucs  are  cautiously  being  considered  in  the  4K  design,  as 
brittleness  and  dielectric  constant  ate  of  concern.  A  ceramic  ring  on 
the  stripline  upstream  end  is  part  of  the  present  design,  making  the 
strip  about  9%  longer  electrically,  and  causing  an  impedance  bump. 
Detector  mechanical  pieces  are  taken  fiom  the  300  series  of  austenitic 
Stainless  steels,  which  are  frequently  used  in  cryogenic  engineering 
for  their  strength  and  corrosion  resistance.  However,  some  of  these 
metals  tend  to  be  unstable  at  low  temperatures,  undergoing  thcmial  or 
stress  -  induced  martensitic  transformation,  leading  to  loss  of  ductility 
This  effect  is  of  greatest  concern  in  the  vacuum  feedthroughs.  There  is 
some  evidence  that  this  transformation  caused  insidious  failures  in  the 


detector  is  exposed  to  LHe,  so  a  leaking  feedthrough  would  allow  LHe 
into  the  beam  tube.  If  a  connector  like  SMA  were  used,  it  would  need 
to  be  scaled  by  a  metal  sheath,  making  the  connector  pair  a|l  but 
inaccessible.  Therefore,  the  connector  is  eliminated  in  favor  of  an  all  - 
welded  stainless  steel  assembly.  A  0.142  in.  diameter  solid  jacketed 
cable  is  commercially  available.  At  the  4K  end  of  the  cable,  a  seal 
separates  beam  vacuum  from  the  cable  dielectric.  This  seal  will  be  of 
tire  brazed  ceramic  -  to  -  metal  type.  If  the  ceramic  develops  small 
cracks,  the  cable  dielectric  would  be  exposed  to  beam  vacuum,  but  not 
helium.  For  a  while,  the  failure  would  likely  be  transparent  to 
operation.  The  25  cm  of  cable  closest  to  the  beam  detector  is  at  4K. 
The  dielectric  would  outgas  into  beam  vacuum,  but  slowly,  since  most 
gases  trapped  there  would  be  solidified.  The  room  temperature  end  of 
the  cable  is  hermetically  sealed  using  glass  or  ceramic.  This  is  done 
for  redundancy,  and  to  keep  moisture  from  entering  the  cable 
dielectnc.  Silica  in  a  finely  powdered  state  is  proposed  for  the  cable 
dielectric,  which  is  highly  radiation  resistant  and  largely  inert.  The 
sihca  is  vacuum  baked  at  800°C  during  cable  fabrication,  so  it  is 
unlikely  that  significant  outgassing  through  a  cracked  ceramic  would 
occur.  If  either  cable  seal  fails,  a  potential  risk  to  the  cable  is 
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abso^tion  of, water,  as  powdered  silica  is  slightly  hygroscopic. 

Isolation  between  cryostat  guard  vacuum  and  air  is  maintained 
through  an  SMA  jack-to-SMA  jack  coaxial  feedthrough.  This  is  done 
to  avoid  having  the  signd  cable  terminate  into  the  tunnel  environment, 
so  that  were  the  end  damaged,  the  entire  detector  assembly  would  not 
have  to  be  replaced.  Because  the  detector  is  at  the  end  of  the  cryostat, 
it  is  susceptible  to  handling  damage,  particularly  the  signal  cables.  An 
option  being  considered  is  a  sheath  covering  the  four  cable  bundle, 
and  forming  an  extra  shield  against  LHe  exposure.  In  this  scheme,  the 
signal  cables  do  not  seal  LHc,  so  a  wider  range  of  coaxial  cable  types 
may  be  considered. 

V.  Reliability 

How  often  will  vacuum  feedthroughs  fail  catastrophically, 
causing  seven  to  ten  day  shutdowns  of  the  Collider?  A  feedthrough 
may  be  more  likely  to  fail  because  an  adjacent  one  failed  and  the  two 
had  to  be  warmed  to  room  temperature  to  make  the  repair.  Failure  rate 
may  depend  upon  the  nurhber  of  temperature  cycles  each  feedthrough 
experiences.  It  can  easily  be  shown  that  the  average  number  of 
lifetime  thermal  cycles  for  vacuum  feedthroughs  is  not  expected  to 
exceed  about  40,  making  worst  case  estimates.  This  suggests  a 
methodology  for  accelerated  life  testing  of  this  component. 

VJ.  Conclusion 

A  prototype  Collider  ring  position  detector  was  designed  and 
fabricated.  To  date,  the  device  has  neither  been  mechanically 
inspected  or  electrically  tested.  However,  a  number  of  design 
difficulties  were  uncovered  by  the  exercise.  Stress  relief  of  the 
feedthrough  to  prevent  loading  caused  by  differential  expansion  was 
not  adequate.  The  semi  -  rigid  cables,  though  rugged,  may  pose  an 
installation  problem  within  the  spcol  piece,  since  they  lack  flexibility. 
Schemes  for  locating  the  vacuum  feedthroughs  outside  the  liquid 
helium  are  being  considered,  and  alternate  radiation  resistant  materials 
are  being  investigated  for  the  cable  dielectric.  An  improved  set  of 
prototypes  are  now  being  designed  for  use  in  ASST,  the  Accelerator 
Systems  String  Test,  scheduled  for  late  1992. 
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Abstract 

Expressions  for  the  transfer  impedcmcc  and  lon^tudinal 
impedance  of  ^itrarily  termnated.  stripline  detectors  are  developed 
using  a  circuit  model.  Attenuation  effects  and  distributed  element 
effects  are  considered  without  requiring  a  field  solution.  A  rectangular. 
button  is  treated  as  a  center-tapped  transmission  line. 


Introduction 

the  Supercollider  facility  requires  position  measurement  at 
some  2^  locations,  in  six  different  accelerators,  beginning  at  the 
3SkeV  ion  source  and  as  beam  progresses  to  the  20Tev  Collider 
rings.  Giveq  that  SSC  is  a  gicen  site,  that  measurement  requirements, 
impedance  budgets,  signal  power,  and  mechanical  envelopes  are 
being' detennined  and  vary  with  each  machine,  a  study  of  detector 
responses  appeared  useful.  In  the  circular  machines  the  bunch  interval 
is  Sm  and  FWHM  bunch  width  is  14  cm.  The  short  wavelength 
content  of  the  bunch  current  is  weak.  To  couple  sufficiently  at 
60  MHz,  a  reasonable  electrode  area  is  required,  A  properly  designed 
stripline  detector  can  be  long  enough  to  produce  strong  signals  white 
exlUbiting  a  tolerable  beam  impedance.  This  discussion  concerns  the 
fiequency  domain  analysis  of  strip  transmission  lines,  arbitrarily 
terminated,  and  in  one  case,  center  terminated.  This  familiar  beam 
detector  geometry  [1,2]  is  shown  in  Figure  1. 


Beam 

V=Pj,C 


> 


Figure  1.  Longitudinal  view  of  stripline  beam  detector 

A  stripline  may  be  considered  as  a  section  of  transmission  line 
of  length  /  which  is  exposed  to  the  beam’s  electromagnetic  fields. 
Transverse  physical  dimensions  determine  the  impedance  The 
strip  is  terminated  in  an  impedance  Zj  at  its  upstream  end,  and  an 
impedance  downstream.  The  analysis  does  not  restrict  Z]  or  Zj  to 
be  purely  real.  Signals  between  the  strip  and  ground  conductor  travel 
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at  the  velocity  p,c.  The  beam  velocity  through  the  detector  is  p|,c, 
where  c  is  the  velocity  of  light  in  vacuum.  The  fiaction  of  the  total 
beam  current  induced  on  the  electrode  is  g.  This  analysis  considers 
detectors  having  only  one  electrode.  TVansverse  impedances  are  not 
calculated. 


TEM  Circuit  Mp^el 

Relativistic  charged  particle  beams  impose  quasi-TEM  fields 
in  the  metallic  structures  that  enclose  them.  These  fields  couple  to  the 
stripline,  and  by  a  hand-waving  argument  and  application  of  Lorentz 
reciprocity  [3],  the  coupling  occurs  at  the  ends  of  the  strip.  This 
simplification,  and  taking  the  beam  as  a  cunent  source  as  shown  in 
Figure  2,  allows  construction  of  an  equivalent  circuit.  The  sources  am 
in  phasor  form,  with  the  downstream  source  delayed  by  the  beam 
flight  time  U^c,  Since  the  model  contains  lumped  and  distributed 
elements,  it  is  useful  to  replace  the  line  by  a  lumped  element  T- 
network  [4]  of  admittances  ^td  Fb,  which  is  equivalent  when 
F^  =  Fo(cothY^/+cschYjO~*and  F^  =* -FoSinhy^I.  The 
propagation  constant  for  signals  on  the  electrode  is  given  by 
Yj  =  a+ /[(!)/  (PjC)  ] ,  in  which  a  is  the  loss  term.  Converting  Zj 
and  Zj  to  admittances,  the  circuit  may  then  be  solved  using  node 
equations. 


n 

y]  F 

'  s',  y 

-  -L 

11 

'  ^ 

f  r 

ri 

Figure  2.  Equivalent  circuit  for  stripline  beam  detector. 

Using  =  ijZ  and  the  complex  transfer 

impedances  expressed  by  Eqns.  1  and  3  give  the  relationships  between 
the  beam  current  and  the  terminal  voltages  across  the  loads,  Z]  and 


Zo  1  -  ( 1 + r ) 

5 -  (1) 


i-r.r^e 


Zi,  respectively.  By  synunetry,  = 0 + /  [(o/  (P^c)  ]  may  be  defined 
as  the  beam  propagation  constant.  The  reflection  coefficients 

and  T'  _  ^2“5o 
'»'Z,-hZo  2  Zj-i-Zo 
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(8) 


'  . * . ‘  (3) 


Zd»(“)  =  ^yd+r^)  — 


-Zy,l 


arc  defined  in  the  standard  way.  Note  that  it  is  possible  to  include  loss 
effec^  on  the  electrode  simply  by  using  the  hyperbolic  functions  in 
ahd  Zg. 


Longitudinal  Impedance 

Ah  important  parameter  for  striplinc  sensors  is  the  impedance 
the  strip  presents  to  the  beam.  In  as  much  as  the  detector  removes  real 
power  fi^m  the  passing  beam,  that  impedance  cannot  be  zero.  The 
impedance  ^  is  calculated  firom  die  transier  impedances  by 
evaluating  the  ratio  of  terminal  voltages  at  the  upstream  and 
downstream  ports,  divided  by  beam  current.  The  transit  time  phase  lag 
of  the  bunch  at  the  downstream  port  must  be  considered. 


S.7  7 


(4) 


Evaluating  Eqn.  4  for  a  lossless  (a  s  0)  electrode,  and 
allowing  Pj  =  gives 


,Zo(r,r2+2r,  +  i)(i-e  *) 

2(0,)  =  g  -  - 

'  ^  l-FiFje  * 


(5) 


where  0^  =  and  later- 0^  =  (6) 

The  factor  g^  appears  because  only  the  fiaction  g  of  the  image 
current  sees  the  potential  at  the  discontinuities  [5].  When  Tj  “0, 
Eqn.  S  reduces  to  the  well  known  expression  derived  by  Shafer  [6]. 


Centcr^Tapped  Stripline 

A  strip  identical  to  the  previous  case  might  be  loaded,  not  at 
each  end,  but  at  its  center  with  a  resistance  Z^,.  The  calculation 
proceeds  considering  two  equal  transmission  lines,  each  of  length  112, 
and  writing  the  admittance  matrix.  The  transfer  impedance  magnitude 
is  given  by  Eqn.  7. 


|Zr((0)|  = 


(7) 


The  longitudinal  impedance,  when  0^  =  0^  and  Z^  =  Zq  ,  is  given 
by  Eqn.  8. 


Z((0) 

II 


2sin^0.+/(l  +  cos0.)sinO, 

~  4g  Zq 

4sin^0j+  (1  +cos0j)^ 


The  quantity  jj|Zy.((6)|  is  plotted  againrt  the  response  of  a 
matched  striplinc  .detector  using  Zq  =  50  g  =  .125,  P,  =  Pj  =  1, 
jj  =  .192  A,  /  =  15  cm.  Sec  Figure  3.  The  button’s  response  peaks  at 
twice  the  frequency  of  the  striplinc,  but  encloses  more  (dW(©)  area. 
This  "rectangular  button”  detector  exhibits  weak  resonances 
whenever  and  stronger  resonances  whenever  Z^i^Zq,  as 

would  a  stripline  with  the  wrong  upstream  termination.  Considering 
the  resonances,  the  lo\v  signal  obtained  firom  a  small  button,  and 
possibly  more  difficult  mechanical  implementation  of  a  large  button, 
use  of  button  detectors  is  not  foreseen  at  SSC. 


RMS  Voltagea  From  Strlpllne  a  "Button"  Detector*' 


Figure  3,  Frequency  Response  of  Button  and  StripUne 


Calculated  Upstrean  RMS  Voltage*  of  Strlpllne  Detectors 


Figure  4.  Stripline  Response  vs.  Beam  Velocity  (P^l 


Open,  Shorted,  and  Terminated  Stripline 

It  is  useful  to  consider  the  special  real  values  forr2,  i.e.  values 
of  the  downstream  resistance  Z2.  The  cases  of  interest  are  the 
terminated,  r2  =  0,  short-circuited,  r2  =  -l,  and  open  -  circuited, 
r2  =  +1  loads.  The  equations  describing  the  frequency  responses  of 
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Table  1.  Frequency  Response  Characteristics  of 
Stripline  Beani  Detectors 


Matched  Line  r2  =  0 

Open  Circuit  Line  Tj  =  +1 

Short  Circuit  Line  r2  =  -1 

B 

H 

cos^0 -2COS0.COS0.  + 1 

*  |,^sin^0^  +  cos^0j 

^-0  1  — . 
,yi"^sin^0j  +  cos^0j 

14,1 

= 

g2(Z,|  Zo)|sine,| 

|sin0j| 

gZj  ...  — . - . . 

,y|^sin^0j  +  cos^0j 

^4  1 - 

-h  cos^0j 

I4«! 

gZoP,|sm0j| 

g  (Zj  —  Zq)  - - 

,i/|^sin^0j  +  cos^0j 

0 

= 

tan~*  (|“'cot0j) 

tan"'  (^cot0j) 

“o 

-(!)(.  tan"*  ^ 

Jt  “ 

-w.tan"*^* 

jt  ° 

fl 

1 

sin^(0,  +  8j) 

1 

1 

sinl(0,-0,) 

e 

|=!i 

,,  -P*^"  r  4-4 

0"  2/ 

P  4-4 

4+4 

these  cases  are  summarized  in  Table  1.  The  peak  response  of  all 
detectors  occurs  at  =  aQ/(27t)  =  (P^c)/(4/)  if  =  p^. 
According  to  the  model,  the  detector  response  recurs  indefinitely  in  ox 
In  practice,  a  bandwidth  limitation  of  the  transition  pieces  between  the 
strip  and  terminations,  as  Well  as  propagation  of  the  TEn  mode, 
reduces  the  detector  bandwidth  to  a  few  cycles  of  the  sine  function. 

When  Pj  =  0,  the  three  cases  converge,  the  response  being 
independent  of  12.  The  directivity  of  each  detector  is  the  ratio  of  the 
upstream  voltage  obtained  when  beam  travels  from  port  1  to  2, 
to  the  voiiagc  obtained  at  the  upstream  port  with  beam  traveling  from 
2  to  1,  .  Only  the  downstream  terminated  detector  exhibits 

directivity,  which  depends  upon  the  beam  and  signal  propagation 
constants,  and  hence  is  frequency  sensitive.  When  0<  jP^j  <  I,  a 
detector  having  partial  directivity  is  obtained. 

Rgure  4  shows  the  equations  in  row  1  of  Table  1  applied  to  tire 
SSC  Linac.  The  frequency  response  as  a  function  of  beam  velocity, 
using  the  values  Pj^.SSe  (alumina  loading),  Zo  =  Zj=50£i 
g  =  .125,  /j=.025A,  /  =  2cm,  and /=  428 MHz,  is  plotted.  Fig. 4 


demonstrates  the  large  signal  produced  by  an  open  -  circuited  pickup 
when  excited  by  a  non  -  relativistic  beam. 
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Abstract 

Colliding  beams  in  a  storage  ting  should  be  aligned,  in  po> 
sition  and  angle,  to  within  a  stnall  fraction  of  the  beam 
dimensions.  Errors  may  be  corrected^  by  the  use  of  ap¬ 
propriate  steering  elements  (in  CESR,  electrostatic  sepa¬ 
rators)..  In  view  of  the  small  beain  siie,  measurement  of 
the  misalignment  needs  to  be  highly  accurate.  In  the  sys¬ 
tem  used.at-CESR,  the  orbits  of  and  e"  are  measured 
simultaneously,. to  reduce  the  effect  of  small  orbit  fluctua¬ 
tions  with  time.  In  addition,  the  signals  are  processed  in 
an  automatic  gain  control  (AGC)  system  which  extracts 
the  e'/e'*’  pulse  height  ratio,  with  the  e'*'  pulses  being 
brought  to  a  fixed  level.  When  the  beams  are  coincident, 
the  e'/e'^  pulse  height  ratios  will  be  identical  on  all  four 
buttons  of  the  beam  position  monitor  (BPM).  The  AGC 
technique  reduces  the  errors  produced  if  the  orbit  is  not 
well  centered  between  the  pickup  buttons. 

Introduction 

The  closed  orbits  of  counterrotating  beams  in  a  shared 
magnetic  guide  field  will  coincide,  provided  that  the  beams 
have  everywhere  the  same  energy.  Perfectly  aligned  head- 
on  collisions — required  to  maximise  luminosity.and  reduce 
beam-beam  blowup — might  thus  be  thought  to  occur  au¬ 
tomatically.  However,  residual  beam-beam  misalignment 
at  the  interaction  point  (IP)  can  arise  from  orbit  effects 
due  to  the  rf  acceleration  system  [1].  More  importantly, 
in  a  ring  (such  as  CESR)  which  incorporates  electrostatic 
deflectors,  or  in  a  collider  using  two  separate  guide  fields, 
beam  alignment  at  collision  needs  to  be  enforced  by  de¬ 
liberate  adjustment,  using  appropriate  differential  steering 
elements. 

The  problem  lies  in  the  measurement  of  the  alignment 
error.  In  principle  it  would  sufRce  to  use  the  luminosity 
itself  as  an  indicator;  in  practice,  statistics  make  this  pro¬ 
cess  slow  and  the  many  parameters  which  affect  luminosity 
are  not  distinguished.  A  sensitive  measurement  of  orbit 
alignment  at  the  IP  is  thus  desirable.  The  system  used  at 
CESR  is  separate  from  the  general  orbit-monitoring  equip¬ 
ment  because  a  much  higlier  accuracy  is  required,  albeit 
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only  in  a  small  section  of  the  ring  and  only  as  regards  the 
relative  orbits  for  e+  and  e~ . 

Available  Sensors 

Relative  position  and  angle  information  is  needed  for  the 
two  beams  at  the  IP.  However,  the  BPMs  are  at  some 
distance  from  this  point  and  orbit  reconstruction  is  thus 
needed.  The  corresponding  trajectories  are  shown  in  fig¬ 
ure  1,  in  each  case  scaled  to  represent  a  misalignment  which 
is  a  small  fraction  of  the  natural  beam  sise;  at  the  IP  the 
initial  displacement  or  angle  is  set  equal  to  0.1(r,  an  error  of 
this  order  being  considered  at  the  threshold  ofsignificahce. 
Typical  values  of  r  are  Vg  ts  420/tm  and  cry  ss  S.ifsm  in 
displacement,  and  Vg'  fs  ilOfirad  and  <ryi  ts  310/irad  in 
angle.  The  permissible  error  is  much  smaller  for  vertical 
than  for  horiiontal  orbit  separation,  due  of  course  to  the 
much  smaller  vertical  beam  emittance  (cy  ss  O.Ole,  with 
(g  aj  1.8  X  10“^Tn). 

A  single  pair  of  monitors  has  been  used,  placed  symmet¬ 
rically  on  either  side  of  the  IP  at  BPM3  E/W.  Our  choice 
optimizes  the  signal  produced  by  a  vertical  orbit  difference 
Ay,  which  is  the  most  difficult  to  detect;  moreover,  BPMS 
happens  to  be  preferable  for  practical  reasons.  Different 
pairs  could  be  used  to  maximize  the  observable  orbit  error 
for  different  parameters  (Ax,  Ay,  Ax',  Aj/),  but  if  the  in¬ 
strumentation  can  in  fact  resolve  Ay  adequately,  it  should 
also  be  suiilcient  for  the  other  errors. 

Energy  Difference 

Measuring  projected  trajectories  and  inferring  the  beam 
alignment  at  the  IP  is  subject  to  error  unless  the  two  beam 
energies  are  equal,  which  is  true  only  if  the  rf  acceleration  is 
effectively  symmetrical  about  the  IP.  For  significant  time 
periods  CESR  has  operated  with  only  a  single  rf  cavity; 
this  gave  rise  to  a  fractional  e"*"  -  e~  energy  difference  at 
the  IP  of  5  s:  2  X  10“’.  Under  normal  conditions — two 
symmetrically  placed  cavities — a  (much  smaller)  residual 
unbalance  can  still  be  present. 

A  nonzero  6  falsifies  the  reconstruction  of  the  relative 
e'*'  -  e"  orbits  only  if  the  trajectories  suffer  deflections  be- 
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Distance  from  IP  (m) 

Figure  1:  Ttajectoiiei  with  misalignment  errors  of  0.1<r  in 
displacement  and  angle.  The  error  values  used  are:  As  = 
42^m,  Ay  ^  O.S6/tm,  Ax'  =  ilfirad,  A3/!  =  31/trad. 

tween  the  IP  and  the  BPM  in  use.  As  seen  from  ilg.l, 
two  weak  guide<ileld  bends  at  BOiE/W  (about  20mrad 
each)  intervene  just  before  BPM3.  For  the  worst*ease 
6  fn  2  X  10-*  they  separate  two  perfectly  aligned  e+  and 
e"  trajectories  by  22/im  horiiontally  at  BPM3.  This  ap« 
proaches vthe'iey. el  ofour  permissible  error,  but  a  correction 
can  be  made  if  ever  CESR  is  operated  with  only  a  single  rf 
cavity.  Beyond  BPM3,  however,  there  are  much  stronger 
dipoles  and  all  further  BPMs  are  eliminated  from  consid> 
eration. 

'Irajcctory  deflection  occurs  also  if  the  orbit  is  not  cen> 
tered  in  the  quadrupoles  or  the  experimental  solenoid. 
Passing  a  quadtupole  of  focal  length  /  with  an  offset  xo 
from  its  magnetic  center  is  equivalent  to  a  dipole  deftec* 
tion  of  Xo//.  The  effects  of  such  deflections  have  been 
tracked,  in  both  planes,  for  all  lenses;  and  offsets  of  the 
order  of  1mm  produce  at  most  4/im  of  trajectory  separa* 
tion,  again  for  the  single*cavity  extreme.  In  practice  such 
errors  should  be  negligible. 

Signal  Processing 

From  flg.l  the  required  detection  sensitivity  can  be  read 
for  relative>orbit  measurements  at  BPM3;  the  resolution 
should  be  within  20/rm  horizontally  and  10/xm  vertically. 
Despite  the  unfavorable  location  of  BPMS  for  detecting 
horizontal  errors,  the  vertical  requirement  is  still  the  more 
stringent.  Given  the  signal  amplitudes  at  the  four  buttons 
(bl  . .  .b4),  the  x  and  y  coordinates  of  the  bunch  centroid 
are  found  from  the  usual  difference/sum  algorithm;  e.g., 
X  =  A’o(h2  -  hi  +  6-1  -  63)7(62  +  61  +  64  +  63),  and  simi¬ 
larly  for  y.  With  the  geometric  scale  factors,  A'o  and  Ipi  of 
order  25mm,  the  individual  button  signals  must  be  mea¬ 


sured  with  fractional  uncertainties  below  4  x  10“‘'.  Brief 
(<  200ps),  bipolar  signals  are  not  easily  measured  with 
this  accuracy. 

CESR  button  signrds  are  usually  monitored  by  diode 
peak  rectification;  we  have  found  this  to  yield  the  best 
signal-to-noise  ratio.  With  c+  and  c"  beams  simultane¬ 
ously  present,  their  respective  signals  could  be  separated 
by  time  gating.  However,  such  gates  require  very  stable 
synchronization.  We  prefer,  instead,  to  separate  the  sig¬ 
nals  by  their  polariiy.  To  this  end,  the  pulses  must  first 
be  shaped'^so  as  to  exhibit  a  marked  asymmetry;  then  the 
undershoot  from  one  polarity  will  not  interfere  with  pulses 
of  opposite  sign,  provided  the  e*^  and  e~  bunch  charges  ate 
not  too  different.  This  shaping  is  done  by  a  length  (about 
lOOns)  of  lossy  cable  (RG174/U). 

The  rectifier  outputs  ate  passed  through  low-pass  filters 
and  measured  by  16-bit  dual-slope  integrating  digitizers 
which  average  over  about  0.3  s.  These  digitizers  ate  syn¬ 
chronized  so  that  the  e*  and  e"  readings  apply  to  the 
same  time  period;  any  common  orbit  fluctuation,  due  for 
example  to  drifts  in  magnetic  steering  elements,  is  thus 
eliminated. 

It  would  be  unrealistic  to  require  precise  centering  of  the 
orbits  within  the  BPMs;  but  it  is  only  necessary  that  the 
relative  -  e~  error  vanish,  i.e.,  that  the  orbits  for  the 
two  species  be  off-center  by  the  same  amount.  The  pulses 
from  the  four  buttons  ate  thus  not  necessarily  equal;  how¬ 
ever,  the  four  e~  signals  should  fall  into  the  same  pattern 
as  the  four  e***  signals.  To  detect  this  equality  of  pattern 
with  high  precision,  an  AGC  loop  (fig.2)  is  closed  around 
the  processor.  By  controlling  an  electronic  attenuator,  this 
loop  brings  each  e'^  output,  in  turn,  to  a  standard  refer¬ 
ence  level,  thus  making  all  four  e'^  outputs  equal.  The 
e~  signals,  passing  through  the  same  attenuator,  will  then 
also  all  deliver  equal  outputs,  provided  they  were  originally 
in  the  same  pattern  as  the  e'^  pulses. 

In  this  system,  the  peak  rectifiers  serve  only  to  detect 
equality  of  signal  levels;  their  actual  (nonlinear)  transfer 
function  is  irrelevant.  By  the  same  token,  any  incidental 
attenuation  which  may  be  introduced  by  the  coaxial  relay 
applies  equally  to  e~  and  e'*’  and  is  thus  eliminated  from 
consideration.  Evidently,  the  electronic  attenuator  now 
becomes  the  critical  element:  its  treatment  of  e“  and  e'*’ 
pulses  must  be  even-handed.  This  requires  not  only  insen¬ 
sitivity  to  pulse  polarity  and  time  sequence,  but  also  sim¬ 
ilar  attenuation  at  the  (possibly  different)  absolute  levels 
for  the  two  species  of  signals.  Though  bench  measurements 
can  quantify  attenuator  performance  in  these  respects,  ul¬ 
timately  the  most  sensitive  test  is  to  operate  the  system 
under  various  conditions  and  observe  what  errors,  if  any, 
are  produced. 


Results 

Two  diagnostic  tests  were  performed:  (1)  The  relative- 
orbit  readings  were  taken  with  a  fixed  attenuator  ('12dB) 
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;*G174. 


Figure  2:  Sehem»tic  diegiem  of  the  AGC  circuit 


inierted  into  the  sign*]  p%th,  thus  forcing  the  electronic 
nttenuntor  into  n  different  region  of  operntion.  (2)  By  the 
ute  of  «n  inverting  trnniformer,  the  rolei  of  e'*'  «nd  e" 
ehnnnelf  were  exchanged,  thus  also  reversing  the  time  se< 
quenee  of  the  AGC*stabilised  and  the  companion  pulse. 
These  perturbations  produced  variations  in  the  indicated 
relative  orbit  at  BPMS2,  taking  into  account  the  resulting 
sign  change,  of  at  most  +/  -  10/tm. 

In  CESR  luminosity  tuns,  the  relativerorbit  measuring 
system  has  been  used,  in  eoi\junction  with'horiiontal  and 
vertical  electrostatic  sepiaators,  to  bring  the  beams  into 
precise  alignment  at  collision.  Maximum  luminosity  occurs 
with  sero  displacement  error  at  the  IP,  within  a  few  fim. 
However,  the  machine  appears  to  prefer  a  vertical  anyvfar 
misalignment  (fig.3),  with  the  angle  seeming  to  depend  on 
beam  current.  Work  is  proceeding  to  detemine  whether 
this  indication  is  an  instrumentation  error  or  whether  it 
corresponds  to  some  physical  effect  in  the  ting. 
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Abstract 

The  rapid"  cycling  synchrotron  proposed  for  the  TRI¬ 
UMF  KAON  Factory  uses  ceramic  beam  pipe  to  suppress 
eddy  currents.  One  design  has  metallic  strips  fixed  onto  the 
inner  surface  to  carry  the  wall  currents.  A  beam  position 
monitor  has  been  designed  using  these  strips  and  tested 
successfully  with  the  TRIUMF' cyclotron  beam. 

1.  Introduction 

When  beam  goes  through  a  beam  pipe,  an  image  current 
of  the  beam  flows  along  the  wall  of  the  pipe.  For  an  off 
axis  beam  the  wall  current  distri^tion  is  asymmetric,  the 
asymettry  being  a  function  of  beam  position.  A  conven¬ 
tional  wall  current  monitor  diverts  tlie  current  through 
resistors  bridging  a  ceramic  spacer  between  metal  beam 
pipes,  Positional  information  is  obtained  by  comparing  the 
voltage  across  resistors  grouped  in  quadrants.  The  beam 
pipe  devised  by  SAIC  carries  the  wall  current  in  silver 
strips  4  mm  wide,  1  mm  apart  painted  along  the  inner 
surfece  of  the  pipe  which  is  then  fired  at  850*.  A  gap  of  5 
mm  is  introduced  in  the  middle  third  of  the  strips  on  each 
wall,  Fig,  1,  Each  set  of  these  strips  is  merged  at  the  gap 
and  the  current  brought  through  the  wall  on  pin  vacuum 
feedthrus.  Resistors  soldered  to  the  pins  bridge  the  gap. 

The  test  WBPM  was  fabricated  by  M.  Featherby'  using 
a  spare  section  of  1  cm  wall  pipe  15  cm  long  with  inner  di¬ 
mensions  9.4  cm  high  and  5  cm  wide,  Fig.l.  Metal  transis- 
tion  pieces  matched  this  rectangular  pipe  to  the  10  cm  di¬ 
ameter  circular  TRIUMF  beam  pipe.  The  circulating  cur¬ 
rent  in  the  KAON  Factory  will  be  ~1  A  and  resistors  <  1 
ohm  offer  ample  signal  strength  and  low  impedance  [1]  [4], 
however  ~150  /iA  cw  extracted  from  TRIUMF  has  low 
peak  intensity  (1.5  mA)  and  10  ohm  resistors  were  used. 
The  vertical  surface  has  adapters  on  which  tooling  bails 
were  mounted  during  bench  calibration  for  alignment  pur¬ 
pose. 


II.  WBPM  Transfer  Function  Measurement 

The  transfer  function  was  measured  before  installation  us¬ 
ing  an  antenna  mounted  on  an  X-Y  table  [2].  A  20  MHz 
sinewave  from  an  HP8753  network  analyzer  was  used  for 
calibration  (the  TRIUMF  rf  is  23  MHz).  After  amplifica¬ 
tion  of  40  dB  the  signals  were  collected  by  the  analyzer, 
and  stored  in  a  computer  for  calculation  and  plotting.  The 
mapping  was  done  within  the  square  area  from  -10  to  10 
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Figure  1;  The  ceramic  chamber  wall  current  monitor 


mm  in  both  x  and  y  direction  with  steps  of  5  mm.  The 
equations 


U!  =  {VR-VL)/iVn  +  Vi)  (1) 

Vj  =  (Vy  -  Vd)/{Vu  +  Vd)  (2) 

are  used  to  indicate  the  position.  Because  of  the  intrinsic 
non-linearity  of  the  BPM,  the  polynomials 

-  uoy~Hvi  -  vo)i  (3) 

»=0;=0 

and  similarily  for  y/,  are  used  to  approximate  the  transfer 
function.  Uo  and  Vo  are  the  BPM  readings  when  the  an¬ 
tenna  is  at  the  center  point.  A  least  squares  method  is  used 
to  calulate  the  coefficients  Ba-jj,  for  the  x  and  y  directions 
separately.  Using  N=3,  aj.jj  will  have  10  numbers  and  the 
beam  transfer  function  error  will  be  less  than  0.1  mm.  The 
offsets  between  the  electrical  and  mechanical  center  in  the 
X  and  y  directions  can  be  also  given. 

A  BPM  transfer  function  was  calculated  for  compari¬ 
son  with  the  measured  one.  .I.H.Cuperus  [3]  expanded  the 
beam  charge  in  a  Fourier  series  and  obtained  an  approxi¬ 
mate  expression  for  the  charge  density  induced  on  a  surface 
at  y=-b  : 


<Ty=-b  (x,  2)  =  — COS 


^  sinh  [amjb  —  yo)]  .  inx(zo  +  a)  .  7nir(a:  +  a) 
asinh{2bam)  ****  2a  2a 


(4) 
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scoted  chamber  width  (-) 
Figure  2:  BPM  TVrmsfer  Flinction  (X) 


'Figure  4:  Experiment  »et  up  for  the  wall  current  BPM 


1.0- 

t  _  t  - 1_  1  1 

0.8- 

ociiCYj  aoo  yev  . 

WAVEIENCTM;  M  U  NON^ 

IfjEARITY  (Y)  ■ 

0.6- 

•CAM  5X14  cm  / 

?  0.4- 

u 

- 

i  0.2- 

- 

<  0.0- 
2  -0.2- 

/ 

E-0.4- 

J 

- 

-0.6- 

/ 

- 

-0.8- 

-1.0- 

grp  1  I  I  I — 

-I - 1 - , - - 

Ot - - 1 - 1 - 1 - 1 - 1 - 1 - 1 - r 

-1.0-0.8-0.6-0.4-0.2  0.0  0.2  0.4  0.6  0.8  1.0 
scoled  chomber  width  (-) 


Figure  3;  BPM  TVansfer  Function  (Y) 


WALL  CURRENT  BPM  SIGNAL 


In  the  formula,  a  is  the  half  width  of  the  chamber,  b  is  the 
half  height  of  the  chamber,  vj  is  the  speed  of  the  particle. 
Da  is  the  amplitude,  A  is  the  wavelength  of  the  Fourier 
component. 

The  transfer  function  calculated  using  eq.  4  is  compared 
with  that  measured  in  Fig.  2  and  3.  Fig.2  and  3  show 
the  theoretical  and  measured  non-linearity  of  the  transfer 
function  along  the  x  and  y  axes.  They  are  quite  consistent. 

III.  Measurement  With  Cyclotron  Beam 
A.  Experimental  proceedure 

The  WBPM  was  installed  in  a  drift  section  in  the  TRI- 
UMF  high  current  beam  line  lA  between  a  multiwire  and 
a  scanning  wire  monitor.  These  gave  both  the  profde  and 
position. 

The  beam  could  be  steered  completely  across  the 
WBPM  by  horizontal  and  vertical  steering  magnets  lo¬ 
cated  upstream.  The  relation  between  steering  magnet  set¬ 
ting  and  beam  position  at  the  WBPM  was  inferred  from 


measurement  at  the  up  and  downsteam  monitors.  WBPM 
signals  amplified  by  40  dB  were  recorded  as  a  function  of 
the  magnet  settings.  The  experiment  compares  the  WBPM 
reading  and  the  position  reading  determined  by  the  steer¬ 
ing  magnets. 

Two  methods  were  used  to  process  the  data.  One  method 
stored  and  transfered  the  raw  signals,  digitized  by  Tek¬ 
tronix  2440  oscilloscope,  into  a  computer  via  a  HPIB  in¬ 
terface,  then  analysed  them  later  with  FFT.  The  other 
used  the  AM/PM  electronic  circuits  originally  obtained 
from  Fermilab  [5]  which  are  used  for  other  TRIUMF  posi¬ 
tion  monitors.  These  give  a  voltage  which  is  a  function  of 
to  Vfl/Vi  or  V{//V/>.  The  beam  current  was  3  /<A  with  a 
3%  microduty  cycle,  equivalent  to  100  /lA  cw,  and  for  most 
of  the  measurement  with  a  10%  microduty  cycle  at  23.055 
MHz;  equivalent  to  a  peak  intensity  of  1  mA.  The  AM/PM 
circuits  operate  at  46  MHz.  This  frequency  was  also  chosen 
for  digital  processing  to  reject  any  23  MHz  background. 

B.  Processing  data  with  the  FFT  method 

The  WBPAI  signals  were  first  enlarged  by  a  40  dB  am¬ 
plifier,  then  collected  by  electronics  or  oscilloscope  (Fig.5). 
The  FFT  method  was  used  to  single  out  the  amplitude  of 
the  46  MHz  component  ,  then  to  calculate  the  position  of 
beam  from  formulas  (1)  and  (2). 
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Figure  6:  Beam  reading  via  FFT  and  AM/PM  circuit  (X) 


W0PM  FNAL  AND  FFT  REA0ING(46  MHz) 


Figure  7!  Beam  reading  via  FFT  and  AM/PM  circuit  (Y) 

Since  only  2  cables  were  available  for  the  experiment 
and  horizontal  and  vertical  data  were  taken  separately  the 
two  ditnenional  equation  (3)  could  not  be  used  for  analysis. 
The  bench  test  data  were  re-analyzed  in  terms  of  separate 
planes,  coefficients  Kr  and  Ky  determined  for  each  plane 
apd  the  measured  data  interpolated  to  determine  the  posi¬ 
tion.  The  position  was  also  calculated  from  the  Log  ratio, 
20Log(A/B),  where  A  and  B  are  the  FFT  46  MHz  com¬ 
ponent  of  opposite  pairs  of  signals.  The  results  agree  with 
those  from  equation  (1)  and  (2).  The  position  sensitivity 
is  «  8  dB(  voltage  ratio)  /cm. 

C.  Processing  Data  With  Fermi  lab  Electronics 

The  output  of  the  Fermi  Lab  module  [5]  is  a  voltage 

V  =  k[arctqn{A/B)  -  j]  (5) 

where  A  and  B  are  the  signal  strength  of  the  46  MHz  com¬ 
ponent.  Normally  the  input  signals  are  sufficient  to  satu¬ 
rate  internal  amplihers  and  k  =3.5,  however  in  this  case 
insufficient  preamplification  was  available  and  a  value  of 
3.2  for  X  and  3.0  for  y  were  determined  experimentally. 

IV.  Results 

Position 

The  position  calculated  from  the  off-line  FFT  analysis( 
O)  and  the  AM/PM  module  output  (*)  compared  with  the 


position  interpolated  from  adjacent  beam  line  monitors  in 
Fig  6  and  7.  The  slopes  agree  for  small  displacement.  The 
AM/PM  unit  is  less  linear  at  large  displacement.  There 
appears  to  be  an  offset  of  2  mm,  which  may  be  due  to  mis¬ 
alignment  of  the  existing  monitors;  this  is  being  r^checked 
during  the  current  shutdown. 

Amplitude 

It  was  estimated  [1]  that  the  peak  beam  intensity  will 
be  about  1.5  mA  and  that  about  10%  of  the  wall  current  is 
shunted  through  each  resistor  to  give  peak  voltages  of  1.5 
mV  for  a  horizontally  centred  beam.  The  measured  hori¬ 
zontal  peak  amplitude  was  2/3  of  this  because  the  large  re¬ 
sistance  and  capacitance  bridging  the  gap  reduce  the  high 
frequency  respoiise.  Equipment  is  available  to  measure  the 
longitudinal  distribution  but  this  was  not  used  on  this  oc¬ 
casion. 

Baadwidth 

It  was  expected  that  reducing  the  resjstor  value  from  10 
ohms  to  2  ohms  would  extend  the  high  frequency  response 
with  reduced  signal  strength.  Slits  were  used  to  reduce  the 
beam  bunch  length  below  2  ns  however  no  change  was 
seen  with  the  amplitude.  A  reduced  amplitude  could  be  de¬ 
tected  with  a  bunch  length  increased  to  6  ns  .  The  feedthru 
pins  were  actually  6.4  mm  diameter  rods,  larger  than  spec¬ 
ified,  only  les.s  than  one  mm  apart  which  increased  their 
capacitance  signifigantly. 

V.  Conclusion 

The  aim  wrus  to  devise  a  BPM  for  the  KAON  Factory  which 
could  exploit  the  technology  used  to  fabricate  its  vacuum 
chamber  and  thus  reduce  construction  expense.  The  ex¬ 
ternal  dimensions  are  identical  to  the  chamber  and  the 
device  may  be  located  at  the  end  of,  eg.  a  quadrupole, 
reducing  demands  on  available  lattice  space.  The  KAON 
Factory  beam  will  bn  ~1  A,  the  resistors  will  be  low,  reduc¬ 
ing  impedance  and  extending  the  high  frequency  response 
to  the  1.6  GHz  measured  in  model  tests  [1]. 
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Abstract 

Microstrip  probes  and  associated  processing  electronics 
have  been  designed  and  used  to  measure  charged-beam  positicm, 
angle,  intensity,  output  phase,  and  energy.  As  a  bunched, 
charged  beam  periodically  passes  through  a  microstrip  probe,  a 
bi^lar  signal  proportional  to  the  beam's  cunent  and  position 
is  induced  into  each  of  the  probe's  four  axial  symmetric  lobes. 
Processing  electronics  and  computer  algorithms  transform  two 
probe  signals  into  beam  intensity  and  into  cen^ids  of  the  six¬ 
dimensional,  phase-space  beam  distributions;  These  beam 
centroids  ^  then  be  plotted  with  cavity  data  so  that  output 
beam  characteristics  can  be  expressed  as  a  function  of  cavity 
power  and  phase.  This  paper  will  describe  the  system,  and 
discuss,  typical  beam/cavity  interaction  data,  measurement 
errors,  and  system  performance. 

I.  The  Microstrip  System 

The  microstrip  systems  consist  of  three  components:  the 
microstrip  probe,  Uie  processing  electronics,  and  the  computer 
hardware  and  software  that  jrovide  experimenters  with  beam 
information.  This  section  will  concentrate  primarily  on  the 
first  two  items,  aind  the  measurement  algorithms. 

The  microstrip  probe  is  a  short  version  of  typical 
directional  coupler  probes  [1].  These  noninterceptive, 
electromagnetic  beam  probes  consist  of  four  symmetrically- 
placed  lobes  that  sense  the  bunched-beam  image  currents. 
Stripline  transmission  lines  are  attached  to  the  front  and  iHick 
of  each  microstrip  transmission-line  lobe.  As  the  beam  image 
currents  pass  through  the  probe,  periodic  bipolar  signals  are 
launcl^  to  both  the  downstream  termination,  via  the  stripline, 
and  Uk;  processing  electronics,  via  the  upstream  transmission 
line.  Table  I  shows  the  key  parameters  of  these  probes  as  well 
as  the  expected  signal  power  of  the  42S-MHz  frequency 
component  [2]. 


TaUe  L  Installed  Piobe  Geometries  and  Signal  Powers 


Lobe 

Overall 

Signal  Power 

Probe 

Subtended 

Lobe 

Probe 

10mA, 

Boie 

Angle 

Length 

Length 

5MeVBeam 

(mm) 

(Radi^) 

(mm) 

(mm) 

(dBm) 

45 

nl4 

2.25 

12.7 

-34 

16 

7C/4 

2.25 

8.2 

-33 

10 

7C/4 

6.13 

11.3 

-30 

The  electrical  characterization  of  the  irobe  must  provide  a 
measure  of  position  sensitivity  and  offset,  phase  delay  through 
the  probe,  and  beam  coupling  for  the  bunched  beam.  The  fust 
two  items  are  measured  with  an  automated,  movable-wire  test 
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Army  Strategic  Defense  Command,  under  the  auspices  of  the  US 
DeparUnent  of  Energy. 


fixture  [3]  that  calculates  the  centered-beam-position 
sensitivity  and  offset  The  phase  delay  and  beam  coupling  are 
measured  using  a  coaxial,  transmission-line  test  fixture  and 
network  analyzer.  Measured  position  sensitivities  range  from 
4.5  dB/mm  to  1.2dB/mm  and  offsets  are  <  ±  0.15  mm. 
Coupling  between  the  probe  lobe  and  the  center  conductor  of 
the  test  fixture  is  typically  -37  to  -40  dB,  and  probe  phase 
delays  are  12.8  ra^ans  at  425  MHz. 

The  processing  electronics  consist  of  three  modules  [4]. 
A  down-converter  module  converts  the  bunched-beam  425- 
MHz  radio-frequency  (RF)  signals  front  the  microstrip  probe, 
and  an  accelerating-cavity  field-monitor  signal,  to  intermediate 
frequency  (IF)  signals  of  20  MHz.  This  conversion  improves 
the  accuracy  of  the  IF  processing  electronics  and  decreases  the 
component  costs.  After  the  signals  are  down-converted,  they 
are  appropriately  divided,  phase-matched,  and  fed  to  the  other 
two  modules:  a  position  and  intensity  m^ulc,  and  an  output- 
phase  and  time-of-flight  (TOF)  module. 

The  position  and  intensity  module  comprises  a  position 
circuit  and  an  intensity  circuit.  The  position  circuit  uses  the 
amplitude-to-phase  conversion  technique  [5]  to  transform  the 
IF  lobe  signals  to  an  output  voltage  that  is  a  function  of  beam 
position.  The  intensity  circuit  synchronously  detects  the 
amplitude  of  the  convert^  and  summed  four-lobe  signals.  The 
third  module,  output-phase  and  TOF  circuitry,  compares  the 
phases  of  two  sets  of  signals  using  two  digital  i^ase  detectors. 
For  the  beam  output  phase,  the  converted  cavity-field  sample 
is  compared  with  the  converted  and  summed  probe-lobe 
signals',  the  output  signal  is  proportional  to  the  phase 
between  these  signals.  The  TOF  circuitry  compares  the 
summed  and  converted  signals  from  two  different  probes 
having  a  known  separation  idong  the  beamline.  This  output  is 
proportional  to  the  flight  time  of  the  last  partial  PX  distance  of 
a  bunch  traveling  between  the  two  probes. 

For  each  of  the  output  signals,  algorithms  transform, 
linearize,  and  calculate  the  final  measured  values.  The 
horizontal-  and  vertical-position  output-signal  nonlinearities 
are  corrected  in  the  digitizing  computer  software.  Equations  1 
and  2  are  the  coitections  for  the  nonlinearities  in  the  microstrip 
probe  and  position-processing  electronics,  respectively. 

x  =  X0  +  S,R;  -  1.797X10''^;^  -  1.412X10''^I^  (1) 


and 


R;  =  201og 


tan 


(2) 


where  Rl  is  the  nonlinear  correction  of  the  position-processing 
electronics,  x  is  the  beam  position,  V  is  the  signal 
from  the  microsU’ip  processing  electronics,  A  and  Vpp  are 
gain  and  circuit  signal  constants,  and  xq  and  are  the 
measured  probe-position  offset  and  sensitivity.  'Ihe  beam 
angle  is  also  calculated  if  there  is  a  drift  between  two  probes. 
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The  intensity  output  sipal  is  trarisiormed  from  volts  to 
milliunper^  of  beam  cuneht  by  a  conversion  .factor  of  10  to 
20  mA  per  volt  [2]. 

The  TpF  si^  is  tran^ormed  to  flight  time,;  normalized 
beam  velocity,  tmd  finally,  beam  energy  [6], 


where  W  is  the  metm  beam  energy,  xm  is  the  flight  time  of  the 
last  partial  PX  distance  a  bunch  traveling  a  distance  dw  ,  n* 
is  the  integer  tiumber  of  pXs  in  distance  dw,  T  and  Tip  are  the 
bunching  and  IF  periods,  and  Mqc^  is  the  beam's  rest  energy. 
The.ouQHit  beam  phase  with  re^t  to  an  upstream  cavity  is 
calculate  using  die  phare  difference  between  the  probe  signal 
and  a  cavity-field  monitor  loop  signal.  The  correction  for 
bMm  phase  changes  due  to  beam  energy  changes  during  the 
drift  is  shown  in  Equation  4. 
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Output  PhiM  (0  @  425  MHz) 
Figure  1.  DTL  Beam  Energy  vs  Beam  Output  Phase. 


power  inside  the  cavity.  To  compare  data,  with  simulations 
(e.g.,  using  PARMTEt^,  transmission  sc^  tub  expressed  in 
teros  of  the  RFQ  vane  voltage  (Figure  2).  TTie  trans¬ 
mission  is  different  from  the  theoretical  design  because  the 


\PA0  j  ,  (4) 

where  ^  is  the  average  ouq>ut  phase  of  the  beam,  4^  is  the 
phase  recorded  by  the  processing  electronics,  Xo  is  the  free- 
q>ace  bunching  wavell<sgth,  and  is  the  number  of  integer 

pXs  in  <4  (the  distance  between  an  RF  cavity  reference-plane 
and  a  microstrip  probe). 

n.  Beam/Cavity  Interaction 
Measurements 

Because  beam  output  phase  and  energy  are  measured  as 
well  as  beam  position  and  intensity,  the  interaction  between 
the  ^lerating  cavity  and  its  ouq>ut  beam  can  be  determined. 
The'Unac  RF-fiekl  phase  and  amplitude  can  be  determined  by 
measuring  the  beam's  energy,  output  phase,  and  transmission 
efficiency.  These  data  are  then  compared  with  single-particle 
simulations  as  generated  by  particle  and  ray-tracing  simulation 
codes  (e.g.,  PARMILA,  1RACE). 

At  l^s  Alamos,  these  graphical  studies  describing  the 
output  beam  as  a  function  of  two  independent  variables  are 
known  as  phase  sc^.  Phase  scans  plot  output  beam  current, 
intensity,  phase,  and  energy  as  a  function  of  the  two 
indepen^nt  variables,  cavity  (or  input-beam)  phase  and  cavity 
power  (or  grq)  voltage).  A  fb^  plot,  output  beam  energy  as 
a  fuiiction  of  output  beam  phase,  is  shown  in  Figure  1  for  a  S- 
MeV,  H*  linac.  Each  of  the  "pin  wheel"  loci  corresponds  to 
single-particle  simulations  for  a  particular  cavity  power  level 
or  gap  voltage.  The  206-kW  data  siiow  that  the  linac  gap 
voltage  was  8%  higher  than  the  1.00  x  design  gap  voltage  [7]. 
A  semiautomatedyersion  of  these  scans  has  been  implemented 
on  the  drift-tube  linac,  providing  data  acquisition  and  analysis 
within  a  few  minutes. 

Transmission  scans  are  a  specific  subset  of  the  general 
be^cavity  measurements  used  to  detemiine  the  RF  power  set 
points  for  a  Radio-Frequency  Quadrupole  (RFQ). 
Beamtransmission  efficiency,  output  beam  current,  intensity, 
phase,  and  energy  are  calculated  and  displayed  as  a  function  of 
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0.85  0.90  0.95  1.00  1.05  1.10  1.15 
Normalized  Vane  Voltage  (1  @  62  kW) 


Normalized  Vane  Voltage  (1  @  62  kW) 
Figure  2.  Transmission  Scan 
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input  beam  was  not  properly  positioned  entering  the  RFQ,  and 
image  currents  were  not  included  in  the  siihulations, 

m.  Measurement  Errors 

There  are  two  types  of  measurement  errors:  fundamental 
and  systematic.  Fundamrntal  errors  are  errors  that  cannot  be 
reduc^  because  of  natural  laws  of  physics;  these  limit  both  the 
measurement  resolution  and  accuracy.  Examples  are  thermal 
and  shot  noise.  Systematic  errors  are  errors  that  limit 
accuracies  but  do  not  limit  resolution  of  the  measurements. 
Examples  are  transverse  probe-alignment  errors  with  respect  to 
the  beamline  (which  affect  the  absolute  beam  position 
accuracy). 

Table  II.  Measurement  Errors  and  Uncertainties 

Upper  Limits 

Beam  Variable  Error  (%  Full  Range) 

Fundamental  Errors  (Accuracy  &  Resolution) 


Encrgy**/Phasc 

Thermal  Noise* 

±  0.002/±  0.02 

Electronic  Noise 

±  0.014/i  0.3 

Rn(-34dBc) 

±  0.03/±  0.6 

Intensity 

Thcrmal/Shot  Noise* 

±0.004 

Probc/Beam  Coupling 

±5 

Electronic  Noise 

±0.14 

Rn(-34dBc) 

±2 

Position 

Thermal  Noise* 

±0.05 

Electronic  Noise 

±0.3 

RFI(-34dBc) 

±0.5 

Systematic  Errors  (Accuracy) 

Energy**/Phase 

Cable  Delays 

±0M/±  2.3 

Probe  Alignment 

±  0.021/±  0.09 

Electronic  Drift 

±  0.024/±  0.3 

Probc/Elect  Match 

±  0.19/±  2.2 

Intensity 

Cable  Losses 

±  1 

Electronic  Drift 

±0.2 

Probc/Elect.  Match 

±3.5 

Position 

Cable  Losses  &  Delays 

±0.14 

Probe  Alignment 

±  1.0 

Elcctroruc  Drift 

±0.5 

Probe/ElecU  Match 

±  1.0 

*  Noise  limits  assume  a  1-MHz  bandwidth  to  the  electronics 
and  a  404B  electronic  signal-to-noise  ratio. 

•*  The  energy  measurement  errors  are  based  on  a  flight  path 
length  of  12  pX  at  nominal  beam  energy. 

The  time  and  flight  path  uncertainty  relationship  can  be 
calculated  by  differentiating  Equation  3.  The  measured  beam- 
energy  resolution  or  accuracy,  AW,  is  expressed  as 

^^-WMoc^cAt 

^  .  (5) 


where  p  and  y  are  the  relativistic  beam  factors,  c  is  the  speed 
of  light,  and  At  is  the  TOP  variation. 

Al^ough  not  listed  in  this  fashion,  the  resolution  is  a 
component  of  the  overall  measurement  accuracy.  As  Table  II 
shows,  the  largest  errors  are  usually  linked  to  the  operation  and 
implementation  of  the  measurement  (such  as  electronics  noise, 
alignment,  and  cable  delay  errors)  and  contribute  to  a  majority 
of  the  measurement  inaccuracies.  Although  not  shown  as  a 
problem,  radio-frequency  interference  (RFI)  contributions  can 
easily  be  far  greater  than  those  listed  in  the  table.  During  the 
early  stages  of  the  beam  measurement,  the  RFI  noise  was  as 
high  as  -6dBc,  which  is  25  times  greater  than  that  listed  in  the 
table  -  and  it  effectively  rendered  most  of  the  beam 
measurements  useless. 

III.  Conclusions 

Measurements  done  with  the  microstrip  probe  can  provide 
more  information  than  just  the  usual  beam  position  and 
intensity.  If  two  probes  with  a  known,  pure  drift-distance 
between  them  are  used,  beam  angle,  energy,  and  output  phase 
can  also  be  directly  measured.  These  added  measurements 
provide  information  on  the  interaction  between  a  beam  and  an 
upstream  accelerating  cavity.  The  42S-MHz  microstrip  system 
developed  at  Los  Alamos  initially  suffered  from  RFI-induccd 
errors,  but  these  errors  have  now  been  reduced  to  the  point  that 
the  measurements  provide  reliable  transverse  and  longitudinal 
phase-space  beam  information. 
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Abstract 

The  log^thmic  ratio  of  the  signal  amplitudes  from  beam- 
position  probe-electrodes  provides  a  normalized  real-time 
analog  signal  that  is  more  linear  in  beam  displacement  than 
other  signal-processing  techniques  for  circular  cross-section, 
beam-position  monitors,  This  paper  describes  work  being 
done  to  develop  a  log-ratio  circuit  using  an  inexpensive, 
commercially  available,  logarithmic-response,  integrated- 
circuit  rf-amplifier.  The  circuit  uses  two  amplifiers  in  a 
log  (A)  -  log  (B)  s  log  (A/B)  configuration  to  provide  the 
logarithmic  ratio  of  the  two  rf  input  signals  from  the  probe. 
The  output  is  a  real-time  analog  signal  pm^rtional  to  beam 
^displacement. 

I.  SIGNAL-PROCESSING  TnCHNIQUES 


provides  a  dynamic  range  of  up  to  SO  dB  for  frequencies  from 
dc  to  120  MHz.  Comprising  the  circuit  arc  five  cascaded,  de¬ 
coupled,  amplifier/limiter  stages,  each  having  a  small  signal 
voltage  gain  of  10  dB  with  a  -3-dB  bandwidth  of  350  MHz, 
and  five  full-wave  detectors.  These  circuits  implement  a 
successive  detection  technique  that  approximates  the 
logarithmic  response  characteristic.  The  five  detected  signals 
are  summed  to  provide  an  output  current  proportional  to  the 
logarithm  of  the  input  voltage.  The  response  is  absolutei/ 
calibrated  to  within  ±1  dB  for  dc  or  square-wave  inputs.  The 
linearity  for  sinusoidal  inputs  ranges  from  0.7S  to  l.S-dB  [2]. 
Availability  of  this  device  was  the  impetus  for  an 
investigation  of  the  log-ratio  beam-position  processing 
technique. 

II.  LOG-RATIO  Implementation 


.Three  coihmpnly  available  methods  for  deriving 
nonnalized  beam-position  signals  are  amplitude-modulation-to- 
phase-miodulation  ebnvereion  (AM/PM),  diffcrcnce-ovcr-sum, 
and  log-ratio  processing  [1].  Figure  1  shows  the  amplitude 
refuse  of  the  three  processing  techniques  for  45**  electrodes 
in  a  60-mm  circular  bsarn  pi^.  Notice  that  log-ratio 
proc^sing  provides  jthe  most  linear  response  across  the  probe 
apenure. 
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Figure  1.  Response  curves  of  the  log-ratio, 
difference-over-sum,  and  AM/PM 
processing  techniques. 

Until  recently,  the  log-ratio  technique  has  not  been  a 
viable  candidate  because  of  amplifier  cost  and  accuracy 
constraints.  In  1989  Analog  Devices  Corporation  announced 
the  ADWO  Logarithmic  Amplifier,  a  monolithic  device  that 
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For  a  pair  of  microstrip  probe  electrodes  in  a  circular  beam 
pipe,  the  ratio  of  the  two  currents  produced  by  ah  rf-modulated 
bem  cuhent  traveling  m  the  z-direction  past  tiic  electrodes  can 
be  expressed  as  [3] 


1 +-L.  S  !.( iL'\  edit  (aOo)  sin 
1A_  4»on»l»U»/  \2/ 

1  ^  —  S  —( cos  (nOo)  sin  n^TC 

4>on=l"\R"/  °  V  2/ 

where  4>o  is  in  radians  subtended  by  the 

probe  electrodes, 

R  is  the  radius  of  the  probe  aperture, 

To  and  00  are  the  coordinates  of  the  beam  bunch, 
rocos  00  =  X  is  the  beam  displacement  from  the  center. 

By  expanding  and  simplifying  this  equation,  a  solution  for  the 
beam  di^laccment  can  be  obtained  as 

X  s  _R*o_'\  20 lQg( i[A\  (2) 

160  \sin(d>o/2)/  \Ib/ 

Thus,  the  displacement  is  expressed  as  a  function  of  the 
logarithm  of  the  ratio  of  the  two  currents. 

Figure  2  shows  a  block  diagram  of  the  complete  log-ratio 
circuit.  Each  logarithmic  amplifier  has  two  AD640  devices  in 
cascade  and  tm  operational  amplifier  that  sums  and  converts  the 
currents  to  a  voltage  that  is  filtered  to  provide  an  envelope 
profxirtional  in  amplitude  to  the  logarithm  of  the  input  signal. 
The  filtered  outputs  are  applied  to  a  differencing  amplifier  to 
produce  a  beam-position  signal  proportional  to  log  (A/B). 
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Figure  2.  The  log-ratio  circuit  block  diagram. 

In  Figurc'3  the  transfer  curve  for  one  of  the  logarithmic 
amplifiers  operating  at  60  MHz  is  shown  with  an  error  plot 
giving  the  deviation  from  a  straight  line  fit.  Over  the  range 
from  -50-dBm  to  -5-dBm  the  amplifier  deviation  is  less  thaii 
dbO.l-dB  from  the  straight  line  fit  Amplifiers  1  and  2  have 
traiisfer  slopes  that  differ  by  less  than  1%  and  their  zero 
crossing  points  are  nearly  identical. 
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Figures.  Transfer  and  error  curves  for  a  typical 
AD640  dual  stage  logarithmic  amplifier. 


Figure  4.  Log-ratio  circuit  transfer  function 
curves  for  60  MHz  rf  input  signals. 


The  response  of  this  circuit  to  60-MHz  rf  input  signals  is 
shown  in  Figure  4.  On  the  horizontal  axis,  the  rf  input  power 
to  the  A  and  B  channels  is  plotted,  ranging  from  -50-dBm  to 
0-dBm.  The  family  of  curves  represents  13  position  values 
corresponding  to  signal  input  ratio  changes  from  -6-dB  to  +6- 
dB  in  1-dB  steps.  The  center  trace  results  when  the  two 
signals  are  equal  (A=B).  The  upper  traces  correspond  to  A>B, 
whereas  the  lower  traces  result  when  A<B.  Best  operation 
occurs  in  the  r^ge  of  -45-dBm  to  -5-dBm,  corresppn^ng  to  a 
dynamic  range  of  100:1  in  beam  cunent.  The  transfer  factor 
for  the  circuit  is  about  0.42  volts  per  dB. 

ni.,  Circuit  PROCESSING  Errors 

Ideally,  the  traces  of  Figure  4  should  be  straight  horizontal 
lines.  In  reality  the  lines  have  non-zero  slopes  and  they 
deviate  from  straight  lines,  indicating  that  the  processed  beam 
position  output  is  a  function  of  the  rf-signal  power  level. 

Some  of  the  errors  inherent  in  log-ratio  processing  are 
illustrated  in  Figures  5  and  6  where  the  0-dB  and  6-dB  lines  are 
normalized  to  the  transfer  factor.  In  each  figure  the  lower 
curve  is  the  output  divided  by  the  transfer  factor,  giving  the 
normalized  response  in  dB.  The  upper  error  curve  is  the  same 
normalized  curve  with  the  straight  line  fit  values  subtracted. 
This  curve  shows  the  positional  variation  in  the  transfer 
function. 
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Figures.  Error  and  normalized  output  curves 
for  the  0-dB  line  of  Figure  3. 

For  example,  in  Figure  6,  the  variation  of  ±0.14-dB 
compares  to  a  variation  of  about  ±0.05-dB  for  an  AM/PM 
processor.  If  a  typical  45-mm  aperture  microstrip  probe 
having  a  sensitivity  of  1.2  dB/mm  is  considered,  the  log-ratio 
positional  error  is  ±0.12  mm.  This  compares  to  ±0.04  mm  for 
the  AM/PM  processor,  a  factor  of  three  smaller.  The 
sinusoidal  variation  is  a  characteristic  of  the  log-ratio  circuit 
and  is  related  to  the  successive  approximation  logarithmic 
amplification  technique.  It  is  described  by  the  manufacturer's 
peifotmance  specifications. 
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V.  Conclusions 
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Figure  6,  Error  and  normalized  ou4)ut  curves 
for  the  6^  line  of  Figure  3. 

IV.  NOISE  CONSIDERATIONS 

Figure  7  compares  the  effective  input  noise  of  the  log* 
ratio  circuit  operating  ait  60  MHz  to  that  of  an  AM/PM  circuit 
operating  at  20  MHz  and  to  the  theoretical  minimum  noise. 
These  plots  are  obtained  by  normalizing  the  measured  RMS 
noise  values  at  the  circuit  outputs  by  the  transfer  factor.  The 
model  for  the  theoretical  noise  plot  assumes  kTB  noise  at  each 
back  terminated  probe  electro^.  A  nominal  bandwidth  of  2 
MHz  for  each  plot  is  assumed.  In  the  -40*dBm  to  -10-dBm 
input  power  range,  the  AM/PM  circuit  has  a  substantially 
lower  noise  level  [4], 
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Figure  7.  Noise  comparisons  of  the  log-ratio 
and  AM/PM  processors  versus  the 
theoretical  minimum  noise. 


The  log-ratio  circuit  technique  gives  a  more  linear 
response  characteristic  for  circular  cross-section  beam-position 
probes  than  other  types  of  processors.  The  output  is  a  real¬ 
time  normalized  position  signal  with  good  bandwidth  and  the 
dynamic  range  is  equivalent  to  that  of  the  AM/PM  processor. 
Potentially,  the  log-ratio  proceMor  will  be  less  expensive  to 
manufacture  and  its  operating  power  will  be  lower.  A  major 
advantage  over  AM/PM  processing  is  that  cables  connecting 
the  pickup  electrodes  to  the  processor  do  not  need  to  be  closely 
phase  matched  because  the  log-ratio  circuit  responds  to 
amplitude  differences  and  is  not  sensitive  to  phase  differences. 

At  this  stage  of  development  the  positional  error  of  the 
log-ratio  circuit  is  substantially  greater  than  that  of  the 
AM/PM  processor.  If  a  logarithmic-response,  integrated- 
circuit  rf-ampUfier  can  be  designed  to  be  absolutely  calibrated 
within  ±0.1  dB,  then  the  log-ratio  circuit  will  become  a  more 
viable  beam  position  processor. 
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2.  Sensor  dexription 


A  non>interceptive  beam  position  monitor,  made  of  four 
capacitive  ele<hrodes,  has  been  designed  at  G^IL  in  order  to 
allow  a  ^rmahent  measurement  of  the  ion  beam  position  over 
a  large  intensity  range  (SO  enA  to  10  epA).  Signal  processing 
is  bas|^  on  a  10  kHz  heterodyne  and  on  ah  amplitude  to  phase 
conversion  in  order  to  measure  the  ^am  position.  The 
accelerator  is  Quipped  with  ten  of  these  probes,  six  of  them 
on  the  first  beam  line.  Seven  other  probes  are  planned.  An 
immediate  application  of  these  monitors  is  the  automatic 
beiun  centering.  For  this,  two  algorithms  have  been  developed 
using  the  information  on  the  center  of '^vity  given  by  the 
beam  position  monitors  which  is  then  fed  back  to  the  steerers. 
The  first  is  ah  iterative  method  based  on  an  optimization 
algorithm  (Pattern  Search,  Hooke  and  Jeeves).  It  consists  in 
improving  Ae  criterion  defined  as  the  mean  quadratic  deviation 
of  beam.positions  on  the  monitors.  The  second  is  a -variational 
method  which  consists  in  determining  for  each  steerers  and 
each  position  monitor,  the  variation  coe^tcient  (mm/A)  and 
solves  a  linear  system.  Both  of  these  methods  have  been  used 
on  a  section  of  beam  line  and  have  given  similar  and 
encouraging  results.  The  next  step  is  to  center  the  beam  on  the 
completely  equipped  line. 

I.iNTRODUCnON 

Up  to  now  at  GANIL,  ion  beam  position  in  the  beam 
lines  was  measured  with  profile  monitors  using  wire  grids.  As 
they  cah  not  be  used  permanently  to  compute  beam  position 
in  real  time,  a  non  interceptive  beam  position  (BPM)  has  been 
designed.  A  first  application  of  these  probes  was  the 
development  of  software  which  should  permit  in'a  later  stage 
the  automatic  centering  of  the  beam  in  the  different  lines.  The 
accelerator  is  equipp^  with  ten  probes,  six  of  them  on  the 
first  beam  line;!  Seven  other  probes  are  planned. 

II.  TECHNICAL  DESCRIPnONl3. 4) 

I.  Expected  technical  q>ecincatioas 

Technical  specifications  of  this  BPM  were : 

•  beam  intensity  range  :  10  enA  to  10  epA, 

-  beam  structure  frequency :  7  to  14  MHz, 

-  beam  energy :  20  keV/u  to  100  MeV/u, 

•  sensor  aperture  :  SO  mm, 

-  accuracy  of  position  measurement :  <  10%  ±  0.5  mm, 

-  resolution  :  <  0.2  mm, 

-  no  tuning  by  the  operators  before  measuring, 

•  automatic  test  procedure  on  request  of  the  operators, 

•  mechanically  compatible  with  profile  sensors, 

-  linkable  to  the  GANIL  control  system. 


a.  Mechanical  description 

Probes  are  based  on  the  electrostatic  coupling,  their 
geometry  is  a  cylinder  of  10  cm  - length  cut  into  four  equal 
parts.  The  ground  electrode  is  machined  in  a  copper  block. 

b.  Sensitivity  to  beam  position 

The  electrical  charge  Qe  deposited  by  the  beath  on  an 
electrode  is  function  of  beam  position  P(x,y)  and  of  beam 
current 

If  Q  is  the  total  charge  deposited  on  the  four  electrodes, 
the  vertical  position  y  is,  for  x  ■  0 : 

y  «  R  (Qh  -  Qb)/Q  (1) 

In  practice,  only  the  beam  position  at  the  center  is 
important  for  us,  so  we  detect 

Py  -  (Qh  -  Qb)  /  (Qh  +  Qb)  (2) 

y  -  I  R  X  Py  (3) 

c.  Sensitivity  to  beam  current 

The  equivalent  circuit  of  an  electrode  is : 


Z  is  a  50n  amplifier 

VE(t)»50^^  if  >5on 

dt  Ceu) 

As  the  electrode  signal  is  very  low,  the  second  harmonic 
signal  is  extracted  to  avoid  the  RF  parasitic  noise. 

Ve.2  =  50  x  2jr  x  F  X  Qe.2 

Ve,2  '  rms  value  of  the  second  harmonic  of  VE(t) 

For  a  quarter  of  cylinder 

Ve,2  =  X  10-5  X  L  X  F  ^  (4) 

L;  electrode  length 
F :  beam  structure  frequency 
I :  beam  intensity 
W ;  beam  energy  in  MeV/u 

example :  F  =  10  MHz  and  L  =  0,1  m 
Ve.2  =  30 1 

that  is  30  nV/enA  for  1  MeV/u  beam 
3  nV/enA  for  100  MeV/u  beam 

The  theoritical  resolution  is  limited  by  the  electronic 
noise : 
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yBj2wryH,2(0-^'2nd  haiTOohic 
%^th  nbiw  the  measuremehtresolutiori  is : 

:N::  mplifier.noiM 
B :  measurement  l^'dwidth; 


for:N-  InV/Vriz  ,  B  -  -10  Hz,  F  -  10  MHz,  R-  30  mm 
and  L  -  6.1  ni  we  get : 

Ny  ■  (*“  mm/en A)  (6) 

the  expected  resolution  of  0.2  mm  should  be  obtained  with 
i  enA  if  the  energy  beam  is  1  MeV/u  md  150  cnA  if  the 
energy  beam  is  100  MeVAi. 

3.  Processor 

St.  Processor  principlel  ^  1 

*  Vh  cos(iot  +  <{))  ■  2nd  harmonic  of  Vj^t) 

Vb,2(0  ■  Vb  cos(iot)  »  2nd  harmonic  of  V^t) 


C(t)  “  Ceos  («t  +  \jrc) 

D{t) »  Dcos  (lot  +  vd) 
if  (j)  “  0  (VH,2(t)  and  Vb.2(0  are  in  phase) 

C-D  » VVh2  +  Vb2 

Vh  Vh 

tan  }f/2  -  tan  (Mrd-ij«)/2  -  VH~+  VB  “ 


if  Py  *  0 


py-l 


with  R  =  30  mm,  the  sensitivity  to  beam  position  is 
V  •  0.13  ra^mm  ■  7.57mm 

if({)  *  O 

y  =  0-»v  =  0-*Py  =  0 
y  <  0.5  R 

Py  =  2 

The  error  is  kept  smaller  than  10%  when  cj)  is  not  too 
large  (<  7r/3) 

b.  Real  processor  system 

Only  the  preampliflcation  is  made  at  the  RF  frequency  to 
take  advantage  of  the  very  low  noise  RF  amplifier. 

Then  the  2nd  harmonic  of  the  electrode  signals  is  detected 
by  a  10  KHz  heterodyne  in  order  to  realize  the  amplitude- 
phase  conversion  and  the  phase  detection  at  10  kHz. 


'ihe,;^plitude-pHase  conversion  provides  a  phase  lioise 
'.Nitr  #  ^^isee  (8)]; 

An  analog  menioty  allows- to  keep  the  position  value 
when'beam  goes  off.  the  beam  position  ahd=the  status  of  the 
processor  are  read  by  the  accelerator-control  computer  via  the 
CAMAC. 

III.  AUTOMATIC  BEAM  CENTERING 

Several  steps  to  prove  the  faisability  of  automatic  beam 
cehtering,:using  the  information  on  the  center  of  gravity,  given 
by  the  beam  position  monitor,  have  been  initiated  during  the 
last  two  years,  on  a  limited  part  of  the  first  beam  line 
(between  ^e  injector  cyclotron  and  SSCl)  tuid  with  only  four 
position  probes. 

With  this  aim  of  view,  two  methods  have  been  tested, 
using  quite  different  research  algorithms.  The  first  of  them  is 
called  itemtive  method  and  the  second  one  variational  method. 

l .  Iterative  method  ^1 

This  method  is  based  on  an  optimization  algorithm  called 
Pattern  Search  of  Hookes  and  Jeeves  which  has  been  adopted 
because  it. allows  an  iterative  search  with  a  low  informatic 
cost.  It  is  not  necessary  to  solve  complex  numerical  systems 
nor  to  know  the  analytical  function  of  the  criterion  to 
optimize. 

Thcrgeneral  principle  is  :  from  a  finite  set  of  parameters 
which  work  oh  the  criterion,  the  program  finds  a  direction 
which  improves  the  criterion  starting  from  a  local  search 
around  an  initial  point  Xo  (xi,  X2,  ...Xi  with  xi  value  of  the 
parameter  i).  In  this  direction,  it  arrives  at  the  point  x\  for  that 
the  criterion  is  maximum,  then  it  tries  to  find  around  Xi 
another  direction  up  to  a  point  X2  where  the  criterion  is  better, 
and  so  forth  up  to  the  optimUM.  It  may  be  possible  to  reduce 
the  value  of  the  optimization  step  of  parameters  such  the  field 
of  variation.' 

The  adjustment  of  this  algorithm  to  the  automatic  beam 
centering  is  based  on  the  following  data ; 

•  Criterion  definition 

As  the  purpose  is  to  center  the  beam  at  the  locations 
where  its  position  is  measured,  the  criterion  is  a  global  one, 
i.e.  it  is  the  mean  quadratic  deviation  (m.q.d)  of  the  beam 
positions  on  the  four  probes  and  it  must  be  minimized. 

4 

m. q.d.  =  £ei^4 ;  ei  =  beam  position  on  the  probe  i 

i-l 

-  Constraint 

It  is  only  the  variation  limits  of  the  steering  equipments 
(for  example  ±  10  Amp  for  the  steerers). 

-  Variation  step 

steerer :  0.5  Amp  dipole :  0.2  Amp 

For  these  values  one  step  for  one  equipment  gives  a 
visible  effect  on  the  beam  displacement.  Other  values  seem  to 
have  no  effect  on  the  results  but  a  sensitivity  study  must  be 
done. 

-  Limitation  of  the  criterion 

With  this  algorithm  and  the  criterion  as  defined  it  is 
necessary  to  give  a  limit  to  stop  the  search,  otherwise 
programs  could  take  too  much  time.  Here,  the  limitation  is 
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in.q,d.  =  6i25„  i.e.  a  Ijeam  , deviation  of  ±  0.5  mm  oh  ^ch 
probe,  Whehvthe  program  has  finished  one  iteration,  it  is 
possible  to  stop  it  or  to  rfart  another  iteration  with  a  smaller 
vanatioh  step. 

2.  Variational  method 

It  is  a  numerical  resolution  method  defined  from 
experimental  tuning  considerations. 

the  principle  is  the  following  :  the  program  searchs  for 
each  steering  equipment  and  for  each  position  probe  the 
variation  coefficient,  in>mm/Amp,  From  these  coefficients,  a 
linear  equations  system  is  deduct  and  it  is  solved  as  usually. 
The  solution  gives  the  cunent  to  apply  to  center  the  beam. 

Initid  hypothesises 

••  Linear  effect  of  equipment  on  beam  displacement. 

It  is  assumed  that  the  angle  of  deviation  of  the  beam  in  a 
steerer  Is  proportionnal  wth  the  current,  inside  the  limits  (+ 
10  Amp)  and  the  angles  are  enough  small  to  admit  a  lineai': 
displacement  with  the  angle. 

Then,  with  Yj  =  beam  position  on  the  probe  i, 

Xi  -  current  of  the  equipment  j 

Yi «  ajj.Xj  +  bj 

with  ay  :  vviation  coefficient  of  equipment 

on  the  probe  i 

bj :  beam  position  when  Xj  •*  0 

•  The  effect  of  an  equipment  is  independent  from  another. 
In  the  field  of  deviation  angles  the  effect  of  a  steerer  on  the 
beam  is  independent  of  the  initial  angle.  Then,  there  is  a  non 
correlation  between  the  deviation  angles. 

That  gives ; 

Yj  =  Ay.Xi  +  ai2.X2  +  ...  +  ajj.Xj  +  bj  =  ay.Xj  +  bj 

j 

•  The  steering  effects  of  other  equipments  are  ignored.  The 
perturbating  steering  effects  of  other  equipment  (essentially  the 
quadrupoles)  are  too  complex  to  be  described  easily  and 
become  more  and  more  weak  that  the  beam  is  centered.  The 
centering  is  made  by  convergence,  i.e.  using  several  times  the 
algorithm. 

The  numerical  system 

Initial  stage : 

Yio  “  bj  =  Bj 

j 

For  another  set  of  currents ; 

Xi  =  Xjo  +  AXi 

Yi=j:aij.AXj  +Bi 

j 

That  gives  the  following  equations  sytem : 
mi  =  lAlijlX]j  +  [Blj 
with  [Y] :  beam  position  vectors 
(Al :  matrix  of  coefficients 
[X] :  current  vector 
[B] :  Initial  conditions 

The  beam  centering  is  given  by  [Y]  =  0  and  it  is  obtained 
by  solving  the  system  [A] .  [X]  +  [B]  =  0 

The  program  organization 

a.  Statement  of  the  initial  state  =  acquisition 
of  Bj 

b.  Determinatior.  of  the  matrix  of  coefficients 


For  each  steering  equipment  and  in  order  to  take  account 
of  perturbating  effects  of.  other  ^uipments,  the  coefficient  is 
computed  for  six  values  of  current,  if  possible  (±2  Amp,  ±5 
Amp,  ±7  Amp)  by  measuring  the  displacement  on  each  probe. 
Thus,  the  matrix  is  made  of  m^i  variation  coefficients. 

c.  Choice  of  linear  system 

It  is  necessary  to  have  a  square  matrix,  i.e.  the  same 
number  of  probes  and  steering  equipments.  For  example,  for 
the  vertical  plane,  there  are  four  probes  and  only  three  steerers. 
So,  the  linear  system  is  made  with  the  three  probes  with  the 
most  significant  coefficients. 

d.  Calculation  of  the  solution 

The  solution  of  the  system  is  computed  with  the  Gauss 
method  with  partial  pivot. 

e.  Application  of  currents 

Finally,  the  program  applies  the  computed  currents  on  the 
steering  equipments.  And,  after  checking  the  beam  centering, 
it  is  possible  to  start  the  program  at  the  point  1  again. 


X  Results 


position 

(mm) 

Example  1 

Example  2 

Example  3  1 

before 

after 

before 

after 

before 

after 

Probe  1 

■6.8 

+  1.7 

■BSi 

+  1.1 

+3.7 

+  1.2 

Probe  2 

+3.5 

+2.7 

+5.7 

+0.8 

+6.6 

-1.5 

Probe  3 

+0.7 

+0.7 

+0.5 

+  1.7 

MAM 

Probe  4 

+7.7 

+  1.4 

+  12.2 

+0.4 

msM 

0 

Criterion 

30.9 

■091 

46.7 

mm 

19.8 

1.0 

Plane 

Horizontal 

Vertical 

Vertical 

Method 

Iterative 

Iterative 

Variational 

The  both  methods  have  given  encouraging  results  from 
the  first  tests.  There  is  no  great  difference  in  the  final 
centering.  But  the  iterative  method  seems  to  be  more 
interesting  because  it  converges  more  quickly  to  a  very  correct 
centering  with  a  lower  informatic  cost  (less  time  consumed). 
Nevertheless,  these  programs  which  have  been  developed 
rapidly  for  these  tests  have  to  be  improved  to  confirm  their 
first  results. 

IV.  Conclusion 

As  the  first  results  of  automatic  centering  seem  to  be 
correct,  and  as  the  running  of  these  monitors  are  relaible  it  has 
been  decided  to  equip  the  LI  beam  line  on  totality.  It  is 
planned  to  adapt  the  programs  to  this  new  configuration  and  to 
test  it  on  a  whole  beam  line  before  using  one  to  center 
automatically  the  beam  in  routine. 
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I.  GHARACTERISTICS  AND  Detailed  Description  is  outside  the  200Mhz  bandwidth  of  this  amplifier.  A  Mini 

Circuits  PLP-100  filter  is  used  to  eliminate  most  of  the  signal 
the  stretcher  amp  was  designed  to  accommodate  existing  above. lOOMhz.  This  results  in  a  return  loss  of  over  20db  for 
instrumentation  at  the  Boeing  Free-Electron  Laser,,  (PEL)  the  amplifier  up  to  60  Mhz.  Reflected  power  which  combines 
facility.  The  beam  format  for  this  system  consists  of  two  with  a  later  beam  signal  is  additionally  attenuated  7db  by  the 
macropulses  per  second.  Each  macropulse  contains  several  cable.  This  results  in  a  signal- voltage  error  of  less  than  .1% 
hundred  micropulses  separated  by  462ns.  Thus,  462ns  is  the  in  subsequent  sigiial  pulses, 
upper  limit  to  which  the  pulse  can  be  stretched.  The 

corresponding  filter  bandwidth  would  be  about  3  Mhz.  The  time  delay  and  gain  of  the  stretcher  amp  were 

measured.  The  gain  drops  by  3.2db  at  30Mhz,  and  about  13db 
In  the  stripline  data  acquisition  system,  one  of  six  by  60Mhz.  This  is  consistent  with  the  intended  gaussian 
striplines  is  switched  to  a  single  transient  digitizer  channel,  behavior  of  the  filter.  The  time  delay  fluctuates  by  less  than 
Tektronix  TSS46  microwave  relay  switches  are  used.  The  .5ns  around  26ns  up  to  60Mhz. 
output  of, the  TSS46  goes  into  stretcher  amps  described  here. 

The  resulting  signals  are  digitized  by  Analytck  2004S  or  Minicircuiu  Comlincar  CLC401  CLC400 

2008S  transient  digitizers.  The  transient  digitizer  timing  is  PLP-100  CLC400  AV=7  AV=3 

such  that  it  samples  the  negative  peak  of  the  stripline  signal 
froth  each  micropulse.  It's  analogue  bandwidth  is  300Mhz. 

For  good  temperature  stability  and  linearity,  the  stretcher 
bandwidth  should  be  much  less  than  300MHz,  say  30Mhz. 

This  defines  a  lower  limit  to  the  pulse  width. 

30Mhz  was  chosen  for  the  filter  bandwidth.  Making  the 
bandwidth  smaller,  would  have  required  more  gain  in  the 
output  amplifier.  This  would  have  resulted  in  top  much  noise 
at  the  output.  Additionally,  temperature  drift  and  nonlinearity 
would  also  increase. 

Figure  1  is  a  block  diagram  of  the  stretcher  amplifier.  An 
overall  gain  of  10.5  is  provided  by  the  last  two  operational  Figure  1.  Stretcher  amplifier, 

ainplifiers.  A  single  CLC401  could  have  been  used  to 

accomplish  this,  however,  the  resulting  reduced  bandwidth  The  typical  stretcher  input  signal  consists  of  a  negative 
would  have  produced  a  larger  temperature  drift  coefficient.  The  leading  lobe  up  to  900mv  high  and  .9ns  FWHM.  This  is 
stretching  filter  is  a  linear-phase,  low-pasj,filtcr  with  a  30Mhz  followed  by  a  14ns  positive  tail  with  ringing  and  1/10  the 
3db  point.  It  has  an  approximate  constant  time  delay  and  amplitude  of  the  leading  lobe.  The  output  negative  leading 
gaussian  roll  off  up  to  60Mhz.  lobe  is  9ns  FWHM  of  about  the  same  peak  voltage  as  the 

input.  The  output  positive  trailing  lobe  has  a  peak  value  of 
The  filter  reflects  significant  amounts  of  power  in  the  pass  about  3/4  the  leading  lobe,  FWHM  of  about  10ns,  and  trails 
band.  If  the  signal  cable  is  connected  directly  to  the  filter,  off  in  about  50ns. 
signal  power  will  travel  back  to  the  stripline.  Here  it  will  be 

reflected  and  may  combine  with  the  signal  from  a  later  B.  NONLINEARITY  MEASUREMENT 

micropulse.  This  will  result  in  erroneous  signal  voltages. 

The  CLC400  before  the  30  Mhz  filter  has  about  a  5K  input  A  Tektronix  DSA  602  Digitizing  Signal  Analyzer  was 
impedance.  The  50  ohm  resistor  provides  the  needed  broad-  used  to  perform  the  linearity  measurements.  It  was  found  that 
band  termination.  this  oscilloscope  had  a  nonlinear  component  to  its  response. 

Moreover,  this  nonlinearity  depended  on  the  signal  shape  being 
Adding  the  CLC400  causes  the  stretcher  amplifier  to  be  used.  Thus,  a  direct  input  vs  output  measurement  proved 
unacceptably  nonlinear  because  a  lot  of  incoming  signal  power  impractical.  In  the  method  described  below,  only  cs'^tput 

0-7803-0135-8/91$01.00  ©IEEE 
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signals  Me  observed  by  the  oscilloscope.  This  assures  that  Ae 
signp  shape  is  always  the  same.  This  also  assures  that 
frequencies  involved  in  the  nieasurenient  are  kept  an  order  of 
magnitude  below  the  IGhz  bandwidth  imposed  by  the 
measurement  setup. 

Figure  2  shows  the  measurement  setup.  A  pulser  produces 
about  lOdv,  Ins  FWHM,  10  pulses  per  second.  This  signal 
.  passes  through  the  stripline  test  set.  After  a  delay  and 
attenuation,  it. serves  as  a  trigger  signal  to  the  DSA  602.  The 
stfipiine  test  set  cc.ntains  a  standard  stripline  assembly  of  the 
type  used  in  the  Boeing  PEL.  One  of  the  slripline  outputs  is 
connected  to.  two  variable  attenuators  in  series.  One  of  these 
attenuates  in  Idb  step,  the  other  in  lOdb  steps.  The  signal 
jhch  passes  through  250  ft  of  RG-58.  This  is  about  the  length 
of  cable  used  with  the  FEL  striplines  to  bring  signals  to  the 
control  room. 


270  ft 


Figure  2.  Nonlinearity  measurement  apparatus. 

The  signal  is  now  split  in  two  and  fed  into  two  amplifiers 
whose  nonlinearity  is  to  be  measured.  One  stretcher  amp  gets 
about  half  the  signal  amplitude  the  other  one  does  by 
introducing  a  6db  attenuator.  If  the  two  amplifier-plus-scope 
systems  are  linear,  a  plot  of  output  1  vs  output  2  will  be  a 
straight  line.  If  there  is  nonlinearity,  the  plot  will  no  longer 
be  a  suaight  line.  If  the  two  channels  arc  identical  a  fit  to 
this  data  could  be  used  to  determine  the  n*  v  of  the 

channels.  If  it  is  not  assumed  that  the  two  c^iaciiels  are 
identical,  an  additional  set  of  data  is  needed.  This  is  done  by 
moving  the  6db  attenuator  from  the  amplifier  1  input  to  the 
amplifier  2  input. 

Four  sets  of  data  were  taken  for  four  stretcher  amplifiers. 
Their  part  numbers  were  SNOOl,  SN002,  SN003  and  SN004. 
SNOOl  and  SN002  were  done  as  one  pair.  SN003  and  SN004 
were  done  as  another  pair.  (All  sets  of  data  were  taken  with 
the  same  11A72  plug-in  module  in  the  left  slot  of  the  DSA 
602.) 

A  modification  of  the  arrangement  shown  in  figure  2  is 
used  to  measure  the  DSA602  nonlinearity.  For  this. 


everything  is  the  same  as  for  the  amplifier  measurements  up  to 
the  end  of  the  250  ft.  of  RG-58.  At  this  point,  a  stretcher  amp 
is  used  to  generate  a  wave  form  whose  shape  is  the  same  as  in 
the  earlier  measurements.  A  splitter  and  6db  attenuator  are 
then  used  to  generate  signals  for  the  LI  and  L2  scope  inputs. 
Two  sets  of  data  arc  taken  with  this  arrangement,  one  for  the 
6db  attenuator  before  LI,  and  one  with  the  attenuator  before 
L2. 

As  a  first  step  in  the  data  analysis,  a  linear  fit  is  performed 
on  the  data  (figure  3).  All  six  sets  of  data  display  a  complex 
nonlinearity.  It  consists  of  an  oscillation  around  the  straight- 
line  fit.  It  is  clearly  due  to  the  DSA602.  The  data  involving 
the  DSA602  only,  arc  used  to  correct  the  data  for  the 
amplifiers.  The  result  is  then  fitted  with  a  lincar-plus-quadratic 
function  (figure  4). 


2  SN002  Out  OP  LI  in  (mv) 

Figure  3.  Example  of  nonlinear  part  of  linear  fit  to  the  data. 


SN002  went  to  LI  and  SNOOl  went  to  L2.  The 
6db  attenuator  was  before  SNOOl  or  L2. 


I  ...  I  ...  1  ....  I  ...  I  ...  IJ 

0  200  400  600  800  1000 

SN002  output  (mv) 


Figure  4.  Example  of  corrected  data.  This  shows  the  quadratic 
part  of  the  fit  of  SNOOl  output  =  .5  x  SN002 
output.  The  +  are  the  data  points  and  the  solid  curve 
is  the  quadratic  part  of  the  fit. 
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For  the  two  amplifiers  involved  in  a  measurement,  we 
write 


''jo  =  bjvji'+b2jGjv2ji 


(1) 


Where  j  =  1  or  2,  i  and  o  refer  to  input  and  output.  The 
fractionai  nonlinear  part  of  the  output  is 


b^Cjvji 


iCjVji 


Our  objective  now  is  to  determine  tlte  Cj's 


(2) 


For  the  first  of  the  two  sets  of  data  taken  for  each  pair  of 
amplifiers,  v2i  =  fa  vij.  For  the  second  set,  vij  =  fb  v2i,  fa 
and  fb  are  about  .5,  but  arc  not  exactly  equal.  Equation  (1)  can 
be  inverted 

vji  =  vjb/bj  -  Cjv2jo/bj  (3) 

Using  this,  one  obtains 

v2o  =  DaVio  +  Eav2io  (4) 

vio  =  DbV2o  +  Ebv22o 

The  Ds  arid  Es  ^e  expressed  in  terms  of  the  Cs  and  fs.  One 
can  solve  these  to  obtain 


D^Eb+PbEa  D^Ea+DaEb 

DaDb(DaDb-  l)  DaDb(DaDb-l) 

The  Ds  and  Es  arc  determined  in  the  fitting  procedure  described 
earlier.  One  thus  obtains  Table  1.  900mv  is  the  maximum 
recommended  output  voltage  for  these  amplifiers.  As  can  be 
seen  from  the  table,  uncorrecied  nonlinearities  will  contribute 
less  than  1/3%  error.  If  corrected,  the  error  will  be  reduced  to 
.05%. 

TABLE  1 


C(XlE-6/mv)  %  nonlinearity  Worst  case 

at  900mv  output  error  (mm) 

a=lcm 


SNOOl 

-2.8±.5 

.25±.05 

.006 

SN002 

-3.4+.7 

.31-J-.06 

.008 

SN003 

-1.0±.6 

.09±.05 

.002 

SN004 

-1.7±.5 

.15±.05 

.004 

A  beamline  stripline  unit  supplies  four  signals.  We  refer 
to  these  by  Vn  and  Vg  for  the  x-direction  and  vt  and  vq  for  llie  y 
direction.  The  error  associated  with  the  nonlinear  part  of  the 
amplifiers  is 


^  X  _  CsV^os-CnV^on 
^  Von+vos  + vot+vob 

Cn  and  Cg  are  the  nonlinearity  coefficients  associated  with  the 
n  and  s  amplifiers  and  a  is  the  beam-tube  radius.  The  measured 
Cs  arc  all  negative.  If  we  assume  that  this  is  true  for  all 
amplifiers  of  this  kind,  the  worst  eiror  will  occur  if  one  of  Cg 
or  Cn  is  zero.  Taking  ail  v  =  900mv  and  using  the  Cs  from 
Table  1,  one  gets  the  last  column  in  Table  1.  If  the 
nonlinearity  is  corrected,  the  remaining  uncertainty  due  to  the 
measurement  error  in  the  Cs  will  be  .002mm  for  a  1cm  beam- 
tube  radius. 

III.  TEMPERATURE  EFFECTS  AND  NOISE 

The  temperature  dependence  of  gain  and  time  delay  are 
measured.  The  experimental  setup  is  the  same  as  in  figure  6, 
except  that  no  6db  attenuator  is  used  and  only  one  amplifier  is 
used.  The  other  amplifier  is  replaced  by  a  direct  connection 
from  the  splitter  to  the  .scope  input.  Thus,  input  and  output 
waveforms  arc  recorded  simultaneously.  The  amplifier  is 
placed  in  an  oven  and  waveforms  arc  recorded  at  77.2  F  and 
117  F.  The  output  voltage  is  at  about  670mv.  The  ratio  of 
the  gain  for  the  two  temperatures  is  calculated.  Also  the 
change  in  time  delay  between  the  two  temperatures  was 
calculated.  The  average  gain  coefficient  for  the  four  amplifiers 
is  •.0042%/C  and  the  average  time  delay  coefficient  is 
7.6ps/®C. 

The  amplifier  noise  is  measured  by  putting  the  output  of 
the  amplifier  into  one  of  the  scope  channels,  with  no  signal 
input  to  the  amplifier.  This  is  done  with  and  without  250  ft 
of  RG-58  connected  to  the  amplifier  input  and  with  the 
amplifier  input  open,  shorted  and  terminated  in  50  ohms.  The 
rms  voltage  feature  of  the  DSA  602  in  the  measure  mode  is 
used  to  obtain  the  rms  noise  voltage.  This  is  about  800  micro 
volts  for  all  amplifiers  under  all  conditions  mentioned  above. 
With  the  amplifier  disconnected  from  the  DSA  602, 200  micro 
volts  of  noise  arc  observed,  regardless  of  input  termination. 
Thus,  the  amplifier  output  noise  is  taken  as  .8mv. 
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AmPS  (Amsterdam  Pulse  Stretcher)  is  a  900  MeV  electron 
storage  and  stretcher  ring.  Its  construction  started  early  1991.  A 
fast  response,  high  resolution  stripline  type  beam  position 
monitor  has  been  developed  for  the  ring.  The  monitor  has  a  quasi 
elliptic  cross  section.  Its  sensing  strips  have  a  length  of  V4;  the 
operating  frequency  is  28S6  MHz.  The  mechanical  construction, 
the  matching  of  the  output  ports  and  the  on-line  calibration 
system  are  described.  The  results  of  bench  measurements  as  welt 
as  measurements  with  a  SOO  MeV  beam  are  also  presented, 

Introduction 

To  obtain  a  duty  factor  of  nearly  90%,  the  present  accelerator 
facility  will  be  extended  with  a  stretcher  ring  (1],(2I.  The 
horizontal  tune  of  the  ring  is  8.30.  For  central  orbit  corrections4 
monitors  per  betatronwavelength  are  required  adding  up  to  32 
monitors  in  total.  For  measurement  of  tune,  dyn^ic  aperture  and 
instabilities  a  fast  response  is  required.  Since  the  revolution  time 
of  the  ring  is  0.7  ps  we  decided  the  bandwidth  of  the  monitors  to 
be  at  least  15  MHz,  The  accuracy  of  position  thea.<itirement  must 
be  0.1  mm  for  beam  currents  down  to  1  mA.  Although  for  central 
orbit  correction  a  fast  response  is  not  required,  for  reasons  of 
uniformity  we  decided  upon  the  fast  response  type  for  all 
monitors.  The  RF  frequency  of  the  ring  has  been  chosen  equal  to 
the  RF  frequency  of  the  accelerator  (2856  MHz)  [3]. 
Consequently  we  looked  for  monitors  based  upon  this  frequency. 
Stripline  type  liosition  monitors  have  been  chosen  instead  of 
buttons  since  the  output  power  of  a  stripline  electrode  is  roughly 
20  db  more  than  the  ouq>ut  power  of  a  button. 


Fig.l.  Electrode  pick-up  assembly. 


The  fabrication  of  the  various  parts  and  the  fmal  assembly  were 
ruled  by  the  main  condition  that  the  electrical  axis  should  not 
deviate  more  than  0.1mm  from  the  mechanical  axis.  To  reduce 
the  costs  we  have  chosen  for  TIG  (Tungsten  Inert  Gas)  welding 
instead  of  brazing,  figure  1 .  The  stripline  electrodes  are  machined 
separately.  At  the  short  circuited  side  they  are  connected  by  spot 
welding  to  the  stnpline  housing,  see  flg.  1.  At  the  other  side  the 
inner  conductor  of  the  coaxial  ouqiut  port  is  connected  to  the 
electrode  also  by  spot  welding.  Electrical  contact  with  the  ou^ut 
connector  is  provided  by  spring  brushes.  This  avoids  excessive 
stress  in  the  ceramic  of  the  vacuum  tight  output  connector.  Also 
the  ouqiut  connector  can  easily  be  replaced  in  case  of  vacuum 
leakage.  To  meet  the  0.1  mm  accuracy  for  the  electrical  axis  all 
welding  was  caried  out  with  special  care  using  moulds  if 
necessary. 


transition  area 


Fig.2.  TDR  plot  of  electrode  impedance. 

RF  design  electrode  pick-up  assembly 

The  available  space  in  the  ring  is  limited.  To  reduce  required 
space  and  to  lower  the  beam  coupling  impedance  the  lenght  of  the 
stripline  has  been  chosen  X/4.  The  geometrical  design  was 
optimized  to  obtain  equal  sensitivities  in  x  and  y  direction.  The 
beam  pipe  has  a  quasi  elliptical  cross  section  with  8  and  4  cm  as 
main  dimensions  (figure  1).  All  fundamental  TM  and  TE  modes 
that  can  disturb  monitoring  performance  are  below  cut-off.  For 
accurate  position  measurement  and  a  low  contribution  to  the 
overall  longitudinal  beam  coupling  L'npedance  the  strip  assembly 
should  be  well  matched  to  50  G  over  a  frequency  range  up  to  20 
GHz.  Fine  adiusUnent  of  the  strioline  characteristic  impedance 
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and  matching  the  transition  of  the  coaxial  ou^ut  port  to  the 
stripIiiK  h^  been  carried  out  empirically.  For  this  purpose  a 
model  has  been  constructed  with  1  ;5  X  long,  removable  strips.  In 
figure  2  a  TDR  plot  of  the  final  result  is  shown.  The  frequency 
ranged  from  DC  to  20  GHz.  We  see  that  besides  a  spike  located 
at  the  ceramic  of  the  vacuum  tight  coaxial  connector  the 
impe^nce  equals  50  £2  with  an  accuracy  of  +/-  2  £2  .  For  the 
transition  area  this  could  simply  be  achieved  by  small  increments 
of  the  diameter  of  the  central  conductor  of  the  output  port  and 
partial  recess  of  the  stripline  length  (figure  1). 

Bench  measurements 

Bench  measuremenis  can  be  divided  in  measuring  loss  factor  and 
measuring  monitor  response.  In  both  cases  the  monitor  is 
mounted  between  two  pipes.  Each  pipe  consists  of  25  cm  pipe 
with  monitor  cross  section  ^d  a  25cm  taper  from  monitor  cross 
^tion  to  a  coaxial  connector.  The  coaxial  connector  is  the  same 
as  us^  for  the  electrode  pick-up  assembly.  For  loss  factor 
measurements  the  central  conductor  is  a  rod  with  the  same 
diameter  as  the  central  conductor  of  the  coaxial  connector  (7 
mm).  For  monitor  response  measurements  also  a  0.3  mm  wire  is 
used  as  central  conductor,  For  matching  purposes  this  wire  is 
connected  to  the  inner  conductor  of  the  coaxial  connector  by 
means  of  a  190  £2  SMD,  The  measurements  have  been  performed 
with  a  HP8720B  network  analyser.  The  bunch  in  the  ring  has  ao 
of  30  to  SO  psec.  Simulating  a  bunch  width  os  48  psec  with  the 
network  analyser  resulted  in  a  loss  factor  of  0.04  \/fC,  The 
monitor  response  measurements  can  be  divided  in  calibration  and 
position  measurements.  For  calibration  the  rod  is  centered  in  the 
monitor  with  an  accuracy  of  0.03  mm.  The  output  of  the  ports  is 
measured  with  0.02  dB  accuracy.  Since  1 .2  dB  coaesponds  with 
1  mm  displacement  of  the  wire,  the  electrical  axis  can  be 
calibrated  with  a  total  accuracy  of  0.06  mm.  For  position 
response  the  wire  is  laterally  displaced.  The  displacement  can  be 
more  than  15  mm  without  exc^ing  the  elasticity.  Results  of 
these  measurements  are  combined  with  results  of  beam 
measurements  shown  in  fig.  5. 

Signal  processing 

The  output  power  of  each  pick-up  electrode  is  transmitted  to  a90‘’ 
hybrid  through  2  m  semi-rigid  cable  and  an  isolator  (fig.3).  Since 
the  length  of  the  stripline  is  X  /4  only  odd  harmonics  are  coupled 
out.  However  the  mixer  attenuates  the  third  harmonic  already  50 
dB  with  respect  to  the  fundamental.  Therefore  filters  in  front  of 
the  hybrids  are  not  required.  Per  diagonally  positioned  pair  of 
electrodes  AM  is  converted  to  PM  in  the  hybrid.  Behind  the 
hybrid  the  frequency  is  converted  by  mixing  to  a  75  MHz  IF 
frequency.  The  isolator  is  required  since  the  stripline  is  shorted 
at  the  end.  Reflections  of  the  hybrid  will  be  completely  reflected 
by  the  stripline.  Without  isolator  this  will  cause  deterioration  of 
the  position  measurement  For  calibrating  purposes  the  hybrid 
inputs  are  provided  with  20  dB  directional  couplers.  During  the 
injection  cycle  (2.2  ps)  RF  power  from  the  accelerator  driveline 
can  be  fed  into  a  calibration  power  line.  Through  this  line  RF 
power  is  distributed  to  the  directional  couplers  of  all  monitors  in 
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Fig.3.  Block  diagram  of  RF  signal  processing. 

die  ring.  In  this  way  a  centered  beam  is  simulated  enabling  to 
correct  for  thermal  and  (radiation )  aging  drifts  of  all  components 
excludi  ng  those  upstream  of  the  couplers.  However  drifts  in  these 
upstream  components  (pick-up  assembly,  semi-rigid  cable, 
isolator)  are  negligible,  AH  components  except  isolators  and 
oscillator  are  integrated  in  one  stripline  board.  To  compensate  for 
different  phase  shifts  of  the  mixers,  adjustable  phase  shifters  in 
the  oscillator  lines  are  incorporated  on  the  stripline  board.  The  75 
MHz  output  signal  is  transported  outside  the  vault  to  the 
electronic  unit  shown  in  figure  4.  The  main  specifications  of  the 
phase  detector  in  this  unit  are, 

bandwidth  15  MHz 

phase  range  -70  to  +70® 

phase  linearity  0.2®  for  -40  to  +40® 

current  dependent  phase  error  1®  rms  for  1  to  300  mA 


Fig.4.  Block  diagram  of  the  electronic  unit. 
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to  m^suie  ^plitudes  coirelat^  with  larger  phase  shifts  than 
70®;  pha%  rampre^ion  can  be  achieved  by  intefconnecting.the 
inputs  X  r,X2'  and  Y  i',Y2’  tlurough  resistors,  the  sensitivities  Sx 
and  Sy.in  Hgiife  4  are  defined  by, 

Sx  =  dX7dx  =  -dY7dx  and  Sy  =  dX7dy  =  dY7dy 
Beam  measurements 

Tests  have  been  done  with  a  6  mA  peak  current  380  MeV  beam, 
the  beam  has  been  displaced  in  vertical  and  horizontal  direction 
over  +/-  3i5  mm.  The  rcsjxmse  was  linear.  This  is  shown  in  figure 
S  by  the  shaded  area.  The  nonlinearity  outside  the  shaded  area 
was  extrapolated  from  bench  measurements.  The  , sensitivities 
were , 
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Sx  =  3.0°/mm  and  Sy  =  2.9®/mm 

The  resolution  was  0.2  mA.mm.  The  measured  sensitivities  are 
about  30%  below  a  theoretical  estimate.  We  don’t  have  an 
explanation  yet  for  this  deviation;  Further  measurements  are 
going  on. 


Fig.5.  Monitor  response,  imposition  lines,  shaded  area 
shows  beam  measurements,  outside  shaded  area  shows 
extrapolations  from  bench  measurements. 
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Abstnet 

This  article  describe  the  software  ud, processing  elec¬ 
tronics  of  the  systems  ^ed  to  measure  electron  beam  tra¬ 
jectories  for  the  new  SSRL  injector  for  SPEAR. 

1.  Introduction 

The  beam  position  monitoring  system  of  the  SSRL  iigec- 
tor  forms  a  vital  cornponent  of  its  operation. [1] [2]  Several 
dilTerent  types  of  instrumentation  are  used  to  meuure  the 
position  or  intensity  of  the  electron  beam  in  the  iigector. 
These  include  current  toroids,  fluorescent  Mteens,  Fara¬ 
day  cups,  the  “Q"  meter,  a  synchrotron  light  monitor,  and 
electron  beam  position  monitors.  This  paper  will  focus  on 
the  use  of  the  electron  beam  position  monitors  to  measure 
electron  trajectories  in  the  injector  transport  lines  and  the 
booster  ring.  The  design  of  the  beam  position  monitors 
themselves  is  described  in  another  paper  to  be  presented 
at  this  conferenee.[S] 

There  ate  three  different  beam  position  monitor  systems 
in  the  ipjector.  One  system  consists  of  a  set  of  five  BPMs 
located  on  the  injection  transport  line  from,  the  linac  to 
the  booster  (known  as  the  LTB  line).  There  is  a  second 
system  of  six  BPMs  located  on  the  ejection  transport  line 
(known  as  the  BTS  line).  Finally,  there  is  an  array  of  40 
BPMs  jinstkiled  on  the  main  booster  ring  itself.  We  will 
consider  first  the  booster  BPMs. 

II.  Booster  BPM  System 

Beam  position  monitors  are  located  at  40  positions 
spaced  equally  around  the  ring.  Of  these,  21  are  connect¬ 
ed  to  the  processing  electronics.  The  connected  BPMs  are 
mostly  those  installed  at  odd  numbered  girders  of  the  ring. 
Extra  BPMs  ate  connected  at  girders  14  and  16,  just  after 
the  ipjection  point.  There  is  BPM  at  girder  13,  since 
its  place  is  taken  by  a  fluorescent  screen. 

Since  the  SSRL  iigector  ramps  from  injection  to  ejection 
energy  10  times  a  second,  one  of  the  design  criterion  for  the 
booster  beam  position  monitor  system  is  that  it  be  able  to 
measure  a  series  of  electron,  orbits  during  a  particular  50 
millisecond  ramp  up  cycle.  As  it  would  be  far  too  expensive 
to  have  dedicated  processing  electronics  for  each  button  of 
each  BPM,  the  later  stages  of  the  processing  electronics 
are  shared 'by  multiplexing  the  signals  from  the  various 
BPMs  down  into  one  four-channel  set  of  electronics  with 
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one  channel  for  each  button  of  a  BPM. 

The  multiplexing  occurs  in  two  stages.  The  first  stage 
is  handled  by  a  set  of  12  ten-to-one  multiplexer  modules 
known  as  HOT  modules  which  use  a  design[4]  developed 
by  SLAG  for  the  SLAC  Linear  Collider  project.  The  RlOTs 
are  grouped  into  three  banks  of  four  RlOTs  each  with  each 
RIOT  in  a  bank  dedicated  to  a  particular  BPM  button  lo¬ 
cation.  The  four  pickup  buttons  of  each  BPM  are  Arranged 
in  an  orientation  such  that  they  pick  up  a  signal  to  the  up¬ 
per  left  from  the  beam,  to  the  upper  right,  to  the  lower 
left,  and  to  the  lower  right  from  the  beam.  This  gives  suf¬ 
ficient  information  to  calculate  the  x  and  y  position  of  the 
beam  at  that  BPM.  The  four  cables  from  a  given  BPM  are 
routed  into  separate  RlOTs,  so  that  all  four  buttons  of  a 
BPM  may  be  measured  simultaneously.  Each  RIOT  has 
one  output,  so  there  are  12  outputs  to  be  fed  to  the  next 
level  of  multiplexing. 

The  second  level  of  multiplexing  is  handled  by  a  device 
knowii  as  the  Tast*  multiplexer.  (3]  This  is  a  four  channel 
device  which  switches  any  one  of  four  inputs  to  an  out¬ 
put  channel.  Thus,  there  are  16  potential  inputs  and  four 
output  channels.  Since  we  currently  use  only  12  RlOTs, 
only  12  of  the  inputs  are  used  and  the  other  four  are  left 
disconnMted.  Each  of  the  output  channels  of  the  Tast** 
multiplexer  corresponds  to  one  of  the  four  buttons  on  a 
BPM,  namely,  upper  right,  upper  left,  lower  right,  or  low¬ 
er  left. 

The  electronics  that  processes  the  analog  BPM  signal  is 
a  combination  of  equipment  designed  and  used  by  SLAC[4] 
and  custom  equipment  of  our  own.  [3]  The  typical  bput 
signal  to  our  system  is  a  mostly  unipolar  pulse,  2  ns  wide, 
with  an  amplitude  of  10  to  50  mV.  The  signal  first  pass¬ 
es  through  a  3  pole,  12  MBs  high  pass  filter,  which  re- 
mcves  rhe  large  noise  signals  generated  by  the  modulators, 
ackers,  and  other  noise  sources  in  the  accelerator.  Then 
the  SLAC  RF  BPM  heads  stretch  and  amplify  the  pulse. 
The  pulses  are  still  the  same  amplitude,  but  now  20  ns 
wide.  The  final  analog  stage  is  an  integrating  peak  detec¬ 
tor.  Each  pulse  raises  the  output  by  one  half  the  difference 
between  the  input  pulse  amplitude  and  the  current  output 
level.  Negative  pulses  leave  the  output  unchanged.  Since 
the  periods  of  our  machine  tunes  are  less  than  5  microsec¬ 
onds  and  we  sample  each  monitor  for  25  microseconds,  this 
system  integrates  out  the  amplitude  modulation  caused  by 
the  tunes.  The  voltage  put  out  by  the  integrator  is  mea¬ 
sured  by  a  CAMAC-based  Lecroy  6810  waveform  recorder. 
After  a  complete  series  of  orbits  is  recorded,  the  waveform 
recorder  is  read  out  by  the  control  computer  for  display 
and  later  analysis. 

Guard  times  of  5  microseconds  before  and  10  microsec¬ 
onds  after  the  bank  switching  of  the  Tast”  multiplexer  are 


llSl 


added  to  each  BPM  measurement  for  a  total  measurement 
time  per  BPM  of  40  microseconds.  This  guard  time  is 
required  since  the  “fast”  multiplexer  puts  out  a  burst  of 
electronic  noise  when  it  switches.  The  RIOT  modules  also 
put  out  electronic  noise  when  they  switch,  but  the  soft¬ 
ware  arranges  that  they  are  only  switched  at  times  when 
the  “fast”  mux  is  looking  at  an  RIOT  bank  other  than  the 
one  which  is  switching. 

This  processing  system  was  chosen  because  of  its  accura¬ 
cy  and  simplicity  to  implement.  The  final  stage  electronics 
are  matched  and  linear  over  a  dynamic  range  of  30  dB.  This 
allows  us  to  use  the  same  electronics  on  all  BPMs,  regard¬ 
less  of  the  differences  in  signal  attenuation  from  one  BPM 
to  another  due  to  signal  cable  lengths.  Our  overall  system 
allows  us  to  measure  beam  positions  to  an  accuracy  of  a 
few  tenths  of  a  millimeter  over  an  order  of  magnitude  of 
beam  current  in  the  accelerator. 

Since  the  booster  BPM  system  is  configured  to  allow  for 
30  BPMs  to  be  read  during  a  ramp  cycle,  the  total  amount 
of  time  required  to  measure  beam  positions  once  Rom  all 
the  BPMs  is  30  *  40  microseconds  or  1200  microseconds.  A 
dead  time  of  800  microseconds  is  appended  to  each  meas¬ 
urement  cycle  in  order  to  make  the  measurement  interval 
come  out  to  a  round  number,  namely,  2  milliseconds.  After 
the  end  of  each  measurement  interval,  the  CAMAC  hard¬ 
ware  is  programmed  to  immediately  start  another  meas¬ 
urement  cycle,  for  a  total  of  33  measurement  cycles  dur¬ 
ing  a  given  ramp  of  the  booster.  Thus,  the  BPM  system 
records  measurements  from  0  to  66  milliseconds  into  the 
ramp,  which  is  well  past  the  peak  magnetic  field  point  at 
SO  milliseconds.  Reading  out  the  information  from  the 
Lecroy  waveform  recorder,  analyzing  it,  recording  it  in  the 
control  system  database,  and  setting  up  for  the  next  scan 
lakes  about  one  second.  So,  in  practice,  the  BPM  system 
measures  orbits  from  a  ramp  cycle  about  once  every  two 
seconds.  This  has  generally  been  found  fast  enough  to  ^ve 
good  feedback  to  operators  of  the  machine. 

During  a  tamp  cycle,  CAMAC  instructions  must  be  sent 
out  at  precise  intervals  in  order  for  the  measured  orbits  to 
accurately  reflect  the  nominal  meusuremeut  times.  Since 
the  main  control  computer  is  a  multitasking  system,  it  is 
not  well  suited  to  performing  this  function.  Therefore, 
sequencing  of  instructions  is  offloaded  onto  a  Kinetics  Sys¬ 
tems  list  sequence  processor  installed  in  the  BPM  CAMAC 
crate  which  functions  as  an  auxiliary  crate  controller.  Its 
function  is  to  ensure  that  the  CAMAC  commands  are  sent 
out  at  a  constant  rate.  The  central  control  system  com¬ 
puter’s  function  in  this  case  is  to  program  the  instruction 
list  in  the  list  sequence  processor,  enable  the  BPM  sys¬ 
tem  to  receive  an  external  trigger,  and  read  out  and  pro¬ 
cess  the  BPM  data  at  the  end  of  the  ramp  cycle.  Once 
the  BPM  system  receives  its  external  trigger,  the  list  se¬ 
quencer  collects  data  asynchronously  until  it  has  recorded 
its  33  measurement  cycles. 

The  external  trigger  for  the  booster  is  provided  by  a 
peaking  strip.  This  is  a  device  in  the  booster  rmg  which 
consists  of  a  magnetic  material  with  a  very  narrow  hys¬ 


teresis  curve  and  a  steep  magnetization  curve.  Thus,  a 
change  from  a  slightly  negative  magnetic  field  component 
in  the  booster  dipole  magnets  to  a  slightly  positive  field 
causes  the  peaking  strip  to  switch  its  magnetization  from 
full  magnetization  in  one  direction  to  full  magnetization  in 
the  opposite  direction.  This  produces  a  pulse  at  the  time 
that  the  ring  magnet’s  magnetic  field  is  at  the  field  for  in¬ 
jection,  which  is  used  as  a  timing  trigger  by  many  systems 
in  the  booster  in  addition  to  the  booster  BPMs. 

The  Lecroy  waveform  recorder  in  this  system  is  pro¬ 
grammed  to  digitise  individual  samples  in  each  of  its  four 
channels  in  synchronization  with  ah  external  clock  signal. 
This  clock  signal  is  provided  by  a  device  known  as  the 
“slow”  multiplexer.  The  “slow”  multiplexer  is  intended 
for  future  expansion  of  the  system  to  record  other  signab, 
but  it  is  currently  used  only  to  provide  the  external  clock 
for  the  Lecroy  module.  The  command  to  the  “slow”  multi¬ 
plexer  to  provide  this  signal  forms  part  of  the  CAMAC  list 
programmed  into  the  list  sequence  processor.  This  mode  of 
operation  of  the  Lecroy  module  is  not  standard  for  it,  since 
it  normally  expect  the  clock  signal  to  always  be  present. 
But  with  some  amount  of  work,  it  has  proved  possible  to 
use  the  6810  in  this  mode. 

Once  the  BPM  signals  are  read  out  of  the  Lecroy  mod¬ 
ule,  the  control  system  takes  sums  and  differences  between 
the  four  signals,  upper  tight,  upper  left,  lower  right,  and 
lower  left.  These  ate  used  to  calculate  the  z  and  y  position 
of  the  electron  beam  at  that  BPM  for  that  measurement 
cycle.  This  information  u  stored  in  the  form  of  33  complete 
orbit  measurements  in  the  control  system  database.  The 
orbit  measurement  may  be  paused  at  any  time  to  allow  the 
orbits  to  be  recorded  to  permanent  storage.  A  program  al¬ 
so  exists  that  reads  a  given  measured  orbit  from  several 
ramp  cycles  and  averages  them  to  give  better  statistics  for 
the  orbit  measurement. 

A  sliding  buffet  of  10  of  these  measurements  is  displayed 
on  an  operator  menu,  which  allows  the  operator  to  see  the 
electron  orbit  change  as  a  function  of  time.  An  example  of 
the  appearance  of  one  of  these  menus  is  shown  in  Figure  1, 
which  demonstrates  the  “waterfall”  effect  used  to  achieve 
an  illusion  of  depth. 

III.  Transport  BPM  System 

The  beam  position  monitor  systems  for  the  iigection  and 
ejection  transport  lines  use  the  same  kind  of  BPMs  as  the 
booster  BPM  system,  differing  in  the  processing  electron¬ 
ics  and  the  software  interface.  The  transport  line  BPM 
systerii  design  faces  a  different  kind  of  challenge  from  the 
booster  BPM  system.  Instead  of  having  to  make  many 
measurements  over  a  period  of  tens  of  milliseconds,  the 
transport  BPM  system  must  only  make  a  measurement 
once  every  0.1  seconds  or  more.  However,  it  is  important 
that  the  measurement  be  made  at  precisely  the  time  the 
electron  beam  is  passing. 

The  transport  BPM  systems  also  use  RlOTs  to  multiplex 
signals  from  multiple  BPMs,  but  since  each  transport  line 
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Figure  1 

Isjector  control  system  horisontal  orbit  menu 


has  less  than  10  BPMs,  a  second  level  of  multiplexing  is 
not  necessary.  Thus,  the  outputs  from  the  RIOT  modules 
are  fed  into  RF  heads  and  then  sent  on  to  a  pair  of  dual 
track  and  bold  modules  built  by  SLAC[4]  which  function 
as  peak  detectors.  The  transport  BPM  systems  make  use 
of  a  feature  of  the  RF  heads  not  used  by  the  booster  BPM 
system.  This  is  the  ability  to  sum  the  signals  from  each  of 
its  Inputs  to  provide  an  output  trigger  signal  which  is  used 
to  reset  the  dual  track  and  hold  modules.  Since  the  dual 
track  and  hold  modules  once  triggered  will  simply  store  the 
largest  signal  they  see,  it  is  not  necessary  to  synchronise 
the  operation  of  the  BPM  system  in  any  other  way.  In 
fact,  the  RlOTs  are  multiplexed  asynchronously  from  any 
external  trigger,  with  the  only  requirement  being  that  they 
must  dwell  on  a  particular  BPM  for  0.12  seconds  to  ensure 
that  the  electron  beam  has  passed  through  the  BPM  at 
least  once.  The  control  computer  computes  sums  and  dif¬ 
ferences  of  BPM  button  signals  in  a  similar  manner  to  the 
booster  BPM  system  and  displays  the  calculated  x  and  y 
positions  on  a  computer  menu. 

Some  problems  have  been  encountered  in  the  operation 
of  the  transport  BPM  electronics  while  the  injection  and 
ejection  kickers  are  on.  The  problem  is  that  the  kickers 
generate  RF  signals  that  propagate  down  the  beam  pipes 
to  the  locations  of  the  BPMs  and  uduce  signals  in  their 
processing  electronics.  During  normal  ramping,  this  kicker 
"noise"  is  sufficient  to  trigger  the  dual  track  and  hold  well 
before  the  passage  of  the  electron  bunch,  except  for  the  first 
two  BPMs  in  the  injection  line.  This  is  not  that  much  of  a 
problem  for  steering  the  injection  line,  since  one  can  turn 
off  the  ii^jection  kicker  until  the  beam  has  been  well  steered. 
This  solution  is,  of  course,  not  possible  for  the  ejection  line, 
since  if  the  ejection  kicker  is  turned  off,  there  is  no  beam  in 
the  ejection  line.  In  actual  operation,  the  normal  practice 
has  been  to  use  the  automatic  measurement  system  for  the 
iigection  line  and  steer  through  the  ejection  line  by  looking 
at  the  BPM  signals  directly  on  an  oscilloscope. 

The  fact  that  the  first  two  BPMs  in  the  injection  line 
ate  sufficiently  far  enough  away  from  the  injection  kicker 


for  its  noise  to  not  perturb  them  is  quite  fortunate.  This  is 
because  position  information  from  the  Mcond  LTB  BPM 
(the  BPM  after  the  first  bending  magiet)  is  used  by  the 
linac  energy  feedback  system  as  a  measure  of  the  current 
acceleration  energy  of  the  linac.  This  feedback  system  is 
described  further  in  another  paper  to  be  presented  at  this 
conference.  [5] 


IV.  Conclusion 

The  injector  beam  position  monitor  systems  have  suc¬ 
cessfully  been  used  to  measure  electron  orbits  and  to  di¬ 
agnose  configuration  problems.  The  booster  BPM  system 
has  proved  capable  of  measuring  orbits  at  intervals  of  2 
milliseconds  during  the  ramp  every  two  seconds.  Further 
development  is  b  progress  to  improve  the  system. 
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Abstract 

For  the  electron  storage-  ring  DELTA^  (Dortmund, Elec¬ 
tron  Test  Accelerator)  a  beam-position-monitor  system 
based  on  button  pickups  has  been  designed.  Two  different 
concepts  for  the  monitor  electronics  have  been  developed 
obtaining  a  loiig-term  stability  better  than  +/-  150  /im 
and  a  short-term  resolution  below  +/-  10  /im.  Thele  are 
no  hybrids  integrated  in  the  electronic  circuits  as  all  four 
button  signtds  should  be  amplified  and  digitized  to  pro¬ 
vide  redundancy.  First,  a  concept  using  four  separated 
electronic  branches,  one  for  each  button,  was  tested.  Then 
a  concept  with  a  multiplexer  in  front  followed  by  only  one 
amplifier  was  designed. This  concept,  the  electronic  circuits 
and  the  measurements  will  be  presented. 


1  General  elements  of  the  BPM 


be  sufficient.,  In  the  vicinity  of  the  orbit,  the  linear  aprox- 
imation  holds  [1] 


si +  52  —  83  —  84 
**  *  si  +  s2  +  s3  +  s4 
s2  +  s3  —  si  —  s4 

—  Of  4^  ' 

si  +  s2  +  s3  +s4 


(1) 

(2) 


where  a  is  the  so  called  ’monitor  constant’  and  sl...s4  are 
the  signals  received  from  the  four  pickups,  ot  depends  on 
the  geometry  of  the  monitor  and  is  estimated  to  be  less 
then  20  mm  for  the  DELTA  monitor.  The  following  inve+ 
tigatiohs  refer:  to  this  value  of  a. 

The  monitor  frequency  is  choosen  to  be  500MHz  because 
it  is  the  lowest  frequency  component  in  any  mode  of  oper¬ 
ation  with  different  numbers  of  bunches  [5]. 

The  pickup  signal  is  estimated  to.be  [3] 

Upiekupl^y]  —  0*5  *  Aeom(u>A]‘  (3) 


The  beam-position-monitor  system  of  the  DELTA  syn¬ 
chrotron  and  storage  ring  is  based  on  pickup  monitors  with 
four  pickups*  (fig'l*)-  The  required  short  time  resolution 
is  about  +/-  10  /rm.  The  absolute  accuracy  has  to  be  less 
than  +/— 150  /<m  during  some  weeks  [2][5]. 


Figure  1:  Cross  section  of  the  DELTA  beam  position  mon¬ 
itor. 

The  dependence  of  the  pickup  signals  on  the  beam  po¬ 
sition  will  be  subject  to  further  investigations,  but  in  the 
central  region  of  the  monitor  a  linear  approximation  will 

^  Other  contributions  of  DELTA  to  this  conference 

*The  pickups  were  developed  by  the  ESRF. 


with  centered  beam. 

2  The  BPM  concept 

It  was  decided  to  amplify  each  pickup  signal  separately  as 
it  is  possible  to  calculate  the  beam  position  from  only  three 


Figure  2:  Scheme  of  the  BPM  electronics 


A  concept  was  developed  with  only  one  intermediate  fre¬ 
quency  (IF)  amplifier  and  a  four-to-one  PIN  switch  multi¬ 
plexer  in  front,  which  is  subject  to  the  following  account. 

(fig-  2) 
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3  The  mixer  circuit  board 

The  pickups  are  connected.to  the  filter/mixer  unit  by  semi- 
rigide  cables  with  SMA  connectors.  The  filters  are  of  the 
low-pass  type  of  5th  prder  for  protecting  the  following  PIN 
switch.fr6m  high  frequency  components  of  the  pickup  sig¬ 
nal.  The  low  passes  are  made  in  hybrid  technique,  combin¬ 
ing  printed  inductivities  and  discrete  chip  capacitors  (fig 
3).  Using  discrete  capacitprs  is  necessary  since  the  dimen¬ 
sions  of  printed  capacitors  are  too  large  for  mounting  all 
four  filters  on  one  side  of  a  standard  circuit  board,  with 
sufficient  distance.  The  subsequent  multiplexing  is  per¬ 
formed  by  a  PIN  switch  using  a  lOOIIz  clock  signal.  The 
output  signal  is  mixed  down  to  the  intermediate  frequency 
of  10.7MHz  and  then  sent  to  the  coaxial  output  channel. 


Figure  3;  Low-pass  filter  with  chip  capacitors  and  printed 
inductivities. 

a)  Cross  section  of  the  circuit  board 

b)  top  view  of  the  circuit  board. 


4  The  IF  amplifier  board 

The  IF  amplifier  consists  of  two  gain-controlled  integrated 
circuit  amplifiers  followed  by  a  fixed-gain  amplifier  and  a 
fast  rectifier  (demodulator).  The  demodulated  signal  is 
distributed  to  two  circuits:  1)  One  part  of  the  signal  is 
averaged  over  a  long  time  and  used  for  the  gain  control  of 
the  two  leading  amplifiers.  Therefore,  the  output  signal 
is  independend  of  the  beam  current  resp.  the  average  of 
the  four  pickup  signals.  2)  The  other  part  of  the  signal  is 
demultiplexed  to  the  four  output  channels,  each  averaged 
by  a  long-time-constant  RC  filter.  This  four  ’DC’  signals 
are  sent  to  the  output  of  the  board. 

5  The  local  oscillator  board 

The  local  oscillator  is  of  the  phase  locked-loop  type,  con¬ 
sisting  of  a  crystal  reference  oscillator,  a  voltage  controlled 
oscillator  (VCO)  of  about  bOOMHz,  a  1.256  divider  and  a 
phase  comparator.  The  resonance  frequency  of  the  \’CO  is 


determined  by  a  stripline  resonator  tuned  with  a  voltage- 
variable  capacitor,  known  as  ’’varactor”.  The  500MHz  sig¬ 
nal  is  amplified  by  a  Monoly  thic  Microwave  Integrated  Cir¬ 
cuit  and  distributed  to  four  coaxial  outputs  by  a  power 
divider;  One  local  oscillator  provides  four  mixer  boards 
because  there  will  be  four  BPM  electronics  in  one  rack. 


6  Measurements 

The  long-time  frequency  drift  of  the  local  oscillator  is  less 
then  10“®,  respectively  500Hz.  Therefore  there  will  be  no 
problem  with  the  narrow-band  crystal  filter  (7kHz  band¬ 
width)  in  the  IP  amplifier. 

Fig.  4  shows  the  arrangement  for  testing  the  BPM  elec¬ 
tronics.  The  input  signals  are  provided  by  a  signal  gener¬ 
ator,  a  power  divider  and,  if  necessary,  some  attenuators. 
The  analysis  is  done  by  a  multi-channel  millivolt  meter 
conected  to  a  personal  computer. 


Figure  4:  Test  arrangement  for  the  BPM  electronic. 


Figure  5:  Drift  of  the  BPM  electronics  during  four  days. 


Fig.  6  shows  the  dynamic  range  of  the  BPM  electronics. 
Figured  is  the  evaluated  position  of  the  simulated  beam 
versus  the  average  pickup  voltage.  One  can  see  that  the 
linear  range  runs  from  O.CCmV  to  llSmV.  This  represents 
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a  be^  current  varying  from  about  1.3mA  to  240mA  (see 
eq;  3)  with  an  error  of  less  than  +/-  25/jm. 

Since  the  sensitivity  of  the  IF  amplifier  can  be  choosen 
in  a  wide,  range,  it  is  possible  to  shift  the  lineare  range 
to  higher  beam  currents,  for  example  500  mA.  If  neces¬ 
sary,  this  can  be  done  after  measuring  the  prototype  of 
the  DELTA  monitor. 


1.3  f6<am  ['llA]  240 

Figure  6:  Linearity  of  ike  BPM  electronics  in  the  range  of 
beam  currents  from  1.3  mA  to  240  mA. 

Fig.  7  Is  a  plot  of  the  distribution  of  1000  measured 
values  with  constant  signal  input.  It  is  a  measure  of  the 
electronic  noise.  The  standard  deviation  is  less  then  bftm. 


Figure  7:  Resolution  of  the  BPM  due  to  electronic  noise. 
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7  Conclusion 

A  prototype  version  of  the  BPM  electronics  was  tested. 
For  a  fixed  monitor  constant  a  of  20  mm,  a  resolution 
of  less  then  -f/-  5/jm  is  achived.  Both,  the  deviation  from 
linearity  and  the  drift  are  less  then  +/-  25  //m.  The  overall 
deviation  is  less  then  +/-  50/im.  Therefore  the  electronics 
fulfils  the  required  demands. 
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Abstract 

The  beam  position  monitors,  processing  electronics 
and  VNffi  crate  b^^  data  acquisition  system  have  been 
designed  and  implemented  recently  in  SRRC.  The  beam 
position  monitor  is  composed  of  four  button-type 
elj^trodes  mounted  on  skew  position  of  vacuum  chamber. 
The  switched  detector  processing  el^tronics  and  the  high 
speed  data  acquisition  system  were  chosen  for  fast  beam 
position  measurement  due  to  the  requirement  of  the  global 
harmonic  orbit  correction  and  i  the  local  beam  position 
feedback  system.  The  beam  position  measurement  system 
will  be  provided  fast  and  accurate  beam  position 
information  far  the  1.3  GeV  storage  ring. 

REQUIREMENTOF  BEAM  POSITION  MONITORING 
SYSTEM 

The  beam  position  measurement  system  should  be 
fulfilled  the  following  goals; 

*  Firsuurn  beam  trajectory  measurement  with  accuracy 
ill-  mm  to  aid  commissioning  of  the  storage  ring. 

*  Ateurate  beam  position  measurement  for  closed  orbit 
cdiic<;tion. 

Provide  fast  beam  position  information  for  global 
harmonic  .finback  and  local  feedback  purpose. 

*  High  dynamic  range,  working  form  0.2  mA  to  200 
mA  of  beam  current  with  small  current  dependent 
accuracy. 

*  To  aid  lattice  function  measurement. 

To  meet  above  stringent  requirements,  all  elements  and 
modules  in  beam  position  measurement  system  should  be 
carefully  designed  and  implemented. 

BEAM  POSITION  MONITOR 

There  are  47  sets  of  beam  position  monitor  (BPM)  to 
provide  beam  position  information  for  the  1.3  GeV 
electron  storage  ring  [I],  each  BPM  is  composed  of  four 
button  type  electrodes  with  SMA  feedthrough  connectors 
that  are  welded  on  the  vacuum  chamber  directly  as  shown 
in  Figure  1.  The  BPM  will  mount  on  the  BPM  fixture 
which  is  fixed  on  the  magnet  support  near  the  quadrupole 
magnet  via  an  aluminum  frame  block.  The  adjustment 
mechanism  of  BPM  are  used  to  adjust  the  position  of 
BPM.  The  frame  block  fixes  tightly  with  BPM  and 
provides  reference  planes  for  BPM  calibration  before 
installation,  and  also  provides  reference  plane  for  alignment 
with  quadrupole  bore  after  being  installed.  The  setting  error 
of  BPM  will  be  measured  by  dimensional  measurement 


Figure  1.  Beam  position  monitor. 

equipment.  The  setting  offset  of  each  BPM  will  provide 
the  correction  information  for  beam  position  measurement. 

The  sensitivity  of  the  BPM  is  about  7.5%  and  6% 
change  in  signal  strength  near  the  center  of  the  BPM  in 
horizontal  and  vertical  direction  respectively.  The 
calibration  coefficient  for  nonlinearity  correction  are  find 
out  from  the  data  of  the  BPM  calibration  measurement. 

PROCESSING  ELECTRONICS 

The  global  harmonic  feedback  and  the  local  beam 
position  feedback  plays  an  important  role  in  the  low 
emittance  synchrotron  light  source.  The  high  speed 
processing  electronics  for  the  beam  position  monitor  are 
highly  desirable. 

Processing  elecnonics  is  shown  in  Figure  2  which  is 
slight  modify  from  the  design  of  NSLS  [2].  There  are 
several  synchrotron  radiation  facilities  [3,4,5]  which  are 
under  construction  will  build  the  similar  system.  This 
approach  uses  solid  state  switch  as  RF  multiplexer  to 
select  signal  pickup  by  the  button  elecurode.  The  selected 
signal  is  sent  to  the  IF  module  by  a  20-50  meter  high 
quality  coaxial  cable.  The  IF  module  is  a  high  dynamic 
range  superheterodyne  receiver  turned  at  the  200th 
harmonic  of  the  revolution  frequency  (500  MHz)  to 
amplify  and  to  detect  the  beam  signal.  The  processing 
electronics  are  packaged  in  Eurocard  bin.  The  signal  from 
the  BPM  is  connected  to  the  front  panel  and  the  processed 
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Figure  2.  Functional  block  diagram  of  the  processing 
electronics. 

signal  is  send  to  VME  crate  based  intelligent  local 
controller  (ILQ  via  backpanel  DIN  connector. 

The  beam  signal  from  four  button  electrodes  are  read 
into  ILC  sequentially.  The  detected  signal  of  processing 
electronics  for  four  electrodes  will  be  added,  subtracted  and 
normalized  to  obtain  normalization  horizontal  and  vertical 
signal  by  ILC.  The  beam  position  can  be  obtained  by 
using  suitable  algorithm.  The  nonlinearity  of  BPM  can  be 
also  linearized  by  appropriate  linearization  method. 

The  first  turn  trajectory  measurement  is  helpful  for  the 
machine  commissioning.  Six  special  VME  modules  will 
be  used  to  support  the  first  turn  and  next  10^  turns  beam 
position  measurement.  This  module  have  eight  channels 
with  8  bits  video  analog-to-digital  converter,  each  channel 
has  1  kbyte  dual-port  memory.  The  signal  form  each 
processing  electronics  are  digitized  and  stored  at  memory 
for  analysis.  Since,  the  processing  electronics  is  an 
multiplex  system,  only  one  signal  is  selected  for  each 
injection  cycle.  Hence,  four  injection  cycle  in  needed  to 
complete  data  acquisiUon  sequence  on  the  basis  that  cycle 
by  cycle  variation  of  injection  condition  is  not  change 
drastically.  This  special  VME  module  with  larger  inemory 
also  will  be  used  with  the  single  turn  position 
measurement  electronics  which  will  be  installed 
conjunction  with  one  or  two  BPM  to  provide  a  useful  tool 
for  machine  study. 

ORBIT  ACQUISITION  SYSTEM 

The  major  role  of  orbit  acquisition  system  is  to  collect 
electron  beam  position  information.  The  measurement 
system  of  the  electron  orbit  is  composed  of  three  set  of 
elecuronic  racks  which  are  located  at  three  locations  at  the 
inner  area  of  the  storage  ring.  Each  BPM  has  its  own 
processing  elecU'onics.  Each  set  of  electronic  rack  will 
handle  the  16  BPMs  of  two  superperiods  as  shown  in 
Figure  3.  The  ILC  are  based  on  the  Motorola  MVME-147 
CPU  board  with  a  68030  microprocessor  and  a 
68882  floating-point  coprocessor,  4  Mbyte  on  board 
memory  and  etheme  interface.  The  pSOS  ^  real  time  kernel 
with  network  support  pNA'^'was  chosen  forILCs.  The 


Figure  3.  Beam  position  monitoring  and  beam  position 
feedback  system. 

development  environment  is  based  on  the  Microtec  cross 
development  tools  under  VAXA^MS  over  a  TCP/IP 
network.  The  software  components  at  the  ILCs  for  the 
beam  position  acquisition  are  composed  network  server, 
computation  server,  and  I/O  tasks. 

The  measurement  system  of  the  beam  position 
performs  as  an  orbit  server.  The  high  precision  beam 
position  information  can  be  sent  via  ethernct  to  process 
computer  or  workstations  for  the  use  of  the  closed  orbit 
correction  or  the  other  purpose.  The  nonlinearity  of  BPM 
is  corrected  by  suitable  algorithm  [6,7],  which  is  also  done 
by  the  local  orbit  acquisition  system.  The  orbit  acquisition 
system  also  provide  fast  beam  position  information  for  real 
time  beam  position  feedback  system. 

BEAM  POSITION  FEEDBACK  SYSTEM 

The  global  harmonic  feedback  and  the  local  feedback 
will  enhance  the  performance  of  the  storage  ring  [8,9,10], 
provide  a  good  stability  for  photon  beam  line,  especially 
for  the  beam  line  of  insertion  devices. 

Most  of  the  existing  global  or  local  beam  feedback 
systems  were  implemented  by  analog  circuit,  mainly 
bwause  they  were  designed  for  operating  machines  and  use 
small  number  of  position  monitor  and  corectors.  It  is 
difficult  to  implement  analog  global  beam  position 
feedback  system  at  the  third  generation  synchrotron 
radiation  facility  because  these  machine  use  a  lot  of  BPMs 
and  corectors  to  maintain  its  beam  quality.  All  digital 
methods  are  more  flexible  and  easy  implement  for  a 
complex  system  than  analog  method. 

The  beam  feedback  system  needs  information  of 
elecbon  beam  position  and  photon  beam  position.  In  order 
to  damp  fast  beam  motion  due  to  unavoidable  noise,  beam 
position  monitoring  system  should  have  fast  response.  The 
processing  elecuroni'"  of  the  BPM  and  the  orbit  acquisition 
ILCs  can  provide  about  500  beam  position  reading  per 
second. 
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At  early  operation  stage  of  storage  ring^  position 
fe^back  is  not  n^essary.  In  order  to  improve  the 
pe^omance  of  storage  ring,  the  position  feedback  system 
will  be  implemented  after  machine  commissioning.  The 
beam  position  f^dback  system  supports  the  global 
harmpnic  fei^back  mode  or  the  local  f^back  mode  as 
well  as  the  combine  of  both  approach. 

Since  sp^  is  critical  at  the  application  of  real  time 
beam  position  feedback  system,  the  b^  position  feedback 
will  be  done  by  a  dedicated  orbit  control  VME  crate.  The 
orbit  control  ILC  is  composed  of  CPU  boards,  number 
crunching  boards  and  various  input/output  boards  as  shown 
in  Figure  s.  Since  all  equipments  are  installed  at  the  inner 
side  of  the  storage  ring,  the  distance  between  three  set  orbit 
acquisition  ILCs  with  orbit  control  ILC  is  within  100  m, 
commercially  VMEbus  multi-crate  link  with  reflective 
memories  will  be  adopted  to  transmit  data  between  three 
BPM  system's  ILCs  to  orbit  control  ILC  rather  than  develop 
a  special  module  like  fast  interface  module  (FIM)  [11]  of 
ELETTRA  due  to  limited  time  available  for  the  project.  The 
transfer  rate  requirement  for  fast  beam  feedback  is  about  1 
Mbytc/scc  (send  192  byte  within  200  psec)  which  is  l^yond 
the  capacity  of  ethemet.  When  the  CPU  of  orbit  acquisition 
system  write  to  the  reflective  memory,  beam  position 
information  are  transparently  up-dated  into  the  memory  of 
orbit  control  ILC.  This  link  will  transfer  the  electron  b^ 
position  and  the  photon  beam  position  information  to  orbit 
control  ILC.  There  are  many  choice  about  number  crunching 
board  on  VMEbus  system  which  is  under  evaluation,  such 
as  most  advanced  VMEbus  based  RISC  processor  board  or 
digital  signal  processing  board,  all  of  these  number 
crunching  board  support  more  than  several  tenth  MFLOPS 
computing  horsepower  (such  as  Intel  i860  can  be  provided 
80  MFLOPS  peak  computing  power,  Mptorola  M96002 
DSP  chip  can  provide  near  SO  MFLOPS  computing  power, 
...etc.).  To  speed  up  the  system,  orbit  control  ILC  ha.s 
analog  output  to  control  steering  power  supply  directly  to 
avoid  additional  delay  through  communication  network.  For 
a  careful  design,  large  than  SO  Hz  closed  loop  bandwidth  of 
position  feedback  is  easily  achievable. 

SUMMARY 

The  processing  electronics  and  the  VMEbus  based  fast 
orbit  acquisition  system  for  thf*  beam  position 
measurement  system  is  under  developm-  nt.  The  system 
can  be  provided  high  accuracy  beam  position  for  the  upper 
layer  beam  dynamic  related  applications.  The  orbit 
acquisition  rate  is  about  500  orbit/scc,  this  rate  satisfied  the 
requirements  of  the  fast  beam  position  feedback  system  for 
the  storage  ring  of  SRRC 'which  is  also  under  intensive 
study. 


useful  suggestion.  The  author  also  grateful  to  Dr.  Y. 

Cheng  and  Dr.  C.  C.  Kuo  for  the  discussion  about  beam 

position  feedback  of  the  storage  ring.  The  help  from  Prof. 

Y.  C.  Liu,  Dr.  J.  R,  Chen  and  Dr.  K.  K.  Lin  are  also 

highly  appreciate. 

REFERENCES 

[1]  "SRRC  Design  Handbook",  Synchrotron  Radiation 
Research  Center,  April  1989. 

[2]  R.  Biscardi  and  J.  W.  Bittner,  "Switched  detector  for 
beam  position  monitor".  Proceedings  of  the  IEEE 
conference  on  Particle  Accelerators,  CH2669- 
0/89/0000-1516, 1989. 

[3]  J-C.  Denard,  A.  Carniel,  R.  Aiello,  T.  Moiiaci, 
"Beam  position  monitoring  system  for  ELETTRA", 
European  Particle  Accelerator  Conference,  Nice, 
June  1990. 

[4]  F.  Loyer  and  K.  Scheldt,  "Beam  position  monitor : 
Proposed  types  of  measurements",  ESRF-BD-90-01 
February  19, 1990. 

[5]  "Pohang  Light  Source  -  Conceptual  design  report", 
Pohang  Institute  of  Science  and  Technology, 
January  1990,  Pohang,  Republic  of  Korea. 

[6]  H.  Ishii,  M.  Tejima,  T.  leiri,  J.  Kishiro, 
Y.  Mizumachi,  K.  Mori,  A.  Ogata  and  T. 
Shintake,  "Beam  position  monitor  system  of 
TRISTAN  main  ring".  The  6th  Symp.  on 
AcceleratOT  Science  and  Technology,  1987,  Tokyo, 
Japan. 

[71  J.  Borer,  C.  Bovet  et  D.  Cocq,  "Algorithmcs  de 
linearisation  des  pick-ups",  LEP  Note  S82, 21  Mai 
1987,  Rev.  Mai  1989. 

[8]  R.  O.  Hettel,  "Beam  steering  at  the  Stanford 
synchrotron  radiation  laboratory",  IEEE  Trans.  Nucl. 
Sci.,  Vol.  NS-30,  No.  4, 2278  (1983). 

[9]  R.  J.  Nawrocky  et  al.,  "Automatic  beam  steering  in 
the  NSLS  storage  ring  using  closed  orbit  feedback", 
Nucl.  Instrum,  and  Meth.  A266, 164  (1988). 

[10]  L.  H.  Yu,  "Orbit  stability  and  feedback  control  in 
synchrotron  radiation  storage  rings",  NSLS,  1989. 

[11]  D.  Bulfone,  "Real  time  orbit  position  feedback 
system  for  the  ELETTRA  storage  ring". 
STM-89/19,  Sincrotrone  Trieste,  Padriciano,  99. 
34012  Trieste,  Italy,  April  1989. 


ACKNOWLEDGEMENTS 

The  author  is  grateful  to  Prof.  T.  Katsura  (KEK-PF), 
Dr.  J.  Hinkson  (ALS),  Dr.  F.  Loyer  (ESRF)  for  their 


1159 


THE  LEP  SYNCHROTRON  LIGHT  MONITORS 

CBoVet,  G.  Buitin,  RJ.  Colchester,  B.  Halvarsson,  R.  Jung,  S.  Levitt,  J.M.  Vouillot 
European  Organization  for  Nuclear  Research  (CERN) 

CH-1211  Geneva  23,  Switeerland. 


Ab^rdct 

Four  monitors  are  installed  in  LEP,  two  per  paitide  type.  Two  of 
the  mohitois  ai«  at  dispersion  frM  locations  whidi  permit 
measureirant  of  the  transverse  emittance,  estimation  of  the  energy 
sjpread  and  det^ion  of  various  instdiilities.  The  light  has  its  origin 
in  the  mtdn  tending  magnets.  This  source  to  imaged  onto  the 
detectors  hy  nwans  of  catadioptric  optics.  Two  detectors  are  used, 
one  a  CCD  matrix  and  the  cither  made  tip  of  a  fast  optoelectronic 
shutter  imd  wavelength  shifter  coupled  to  a  CCD  matrix. 
Obtervations  can  either  be  made  in  the  nonnal  TV  mode  or  in  digital 
modes  where  one  or  more  profiles  (burst  mode)  are  stored  on  the 
CCD  imd  then  digitized  in;12  bit  ADC's.  In  the  burst  mode,  up  to  18 
profUes  Mparated  by  1  to  256  turns  can  be  acquired.  The  results  are 
either  presentdl  as  data  mixed  with  the  TV  picture  or  as  two  or 
three  dimensional  plots  and  projections  on  a  workstation.  Results 
and  present  performance  are  presented. 


1.  MONITOR  LAYOUT 


Four  tyiichrotron  light  monitors  are  installed  around 
intersection  point  8.  The  light  originates  in  the  tending  magnets  at 
points  close  to  defocusing  quadrupolea  in  order  to  have  maximum 
vertical  team  dimensions.  These  quadrupoles  are  also  equipped  with 
position  monitors.  The  flrat  two  telescopes  on  each  side  of  the 
intersection  observe  a  near  dispersion  free  section,  whereas  the  two 
others  are  located  where  the  dispersion  to  large.  This  set-up  permits 
the  measurement  of  transverse  omittances  and  an  estimation  of  the 
energy  dispersion. 


QS12e+ 


d-  4S7m.  d-300(n. 


QS12e- 

BH- 32.9  m 
BV- 76.4  m 
0  •  0.01  m 


OH  •  50.6  m 
ev-l236m 
0  >1.4m 


Fig.  1 :  Synchrotron  Lij^t  Monitors  locations, 


The  four  bunches  in  each  team  are  separated  by  22  ps.  Thc 
relevant  team  optics  parameters  are  given  in  Fig.  1.  The  nominal 
team  parameters  for  LEP  phase  1  are  a  maximum  beam  energy  of 
50  GeV,  a  stored  current  of  3  mA  per  team,  nd  at  46  GeV  a 
horizontal  emittance  of  41.9  mn,  a  vertical  emittaince  of  1.68  nm  and 
an  energy  dispersion  of 0.766  per  mill. 


2.  Principle  OF  Operation 

A  schematic  view  of  a  noonitor  to  given  in  Fig.2.  In  order  not  to 
interfere  with  the  circulating  teems,  the  li^t  extraction  mirrors  are 
located  outside  the  nominal  horizontal  vacuum  chamber  acceptance 
of  131  mm.  This  leads  to  a  light  origin  to  mirror  distance  of  21.72  m, 
for  a  20  mm  wide  mirror,  which  is  slightly  smaller  than  the  length  of 
a  four  tending  magnet  string  (23.44  m).  To  make  room  for  the 
synchrotron  light,  the  vacuum  chamber  preceding  the  extraction 
mirror  has  teen  enlarged  in  the  last  bending  magnet  to  a  width  of 
159  nun.  Calculations  of  the  deformation  due  to  thermal  loading 
have  imposed  the  use  of  a  beryllium  mirror  in  order  to  keep  the 
surface  irregularities  vdthin  acceptable  limits.  With  a  10  nun  thick 


mirror,  the  original  plane  ihirror  to  deformed  into  a  spherical  mirror 
of  700  m  focal  length  with  irregularities  with  respect  to  the  sphere 
of  20  to  50  run.  The  beryllium  mirror  to  23  mm  high  in  order  to  fit 
into  the  available  space.  One  of  the  main  limitations  of  the  monitors 
to  the  diflraction  which  increases  with  the  light  wavelength, 
therefore  the  shortest  possible  wavelength  should  be  used  for  the 
profile  noeasurements.  The  possibility  of  measuring  profiles  at 
various  wavelengths  for  estimating  the  diffraction  broadening  to 
foreseen.  The  shortest  wavelength  is  fir^  limited  by  the  extraction 
window  separating  the  LEP  vacuum  from  the  outside.  With  a  quartz 
window,  this  lowet^  limit  to  fixed  at  180  nm.  The  upper  limit  is 
determinecl  by  the  detector  and  is  equal  to  1100  nm  for  the  CCD 
detector  usecL  This  large  domain  led  to  the  use  of  a  catadioptric 
system  which  provides  an  achronratic  focusing  over  the  whole 
spectrum, 


Fig.  2 :  Schematic  view  of  the  LEP  syndirotron  light  monitor. 

Only  the  parallel  polarization  component  of  the  light  should  be 
used  for  obtaining  the  test  resolution.  The  vertical  component  is 
discarded  by  a  combination  of  two  metallic  mirrors.  The  test 
combination  fitting  in  the  available  space  made  use  of  the  teiyllium 
extraction  mirror  and  a  duomium  coated  mirror  with  incidence 
angles  at  the  mirrors  of  31*  and  59*.  This  arrangement  attenuates 
the  power  from  the  perpendicular  polarization  to  about  5%  of  the 
total  and  brings  the  light  bade  into  the  horizontal  plane  on  top  of  the 
tending  magnet.  Next  to  diffraction,  the  longitudinal  acceptance  will 
limit  the  precision  of  the  profile  measurements  through  defocusing 
and,  in  the  horizontal  plane,  orbit  sagitta.  These  effects  can  be 
controlled  by  limiting  the  angular  acceptance  in  the  horizontal 
plane,  which  is  best  achieved  by  using  a  horizontal  slit  at  the  focal 
plane  of  the  focusing  mirror.  This  ran  be  seen  easily  in  the  phase- 
space  plot  of  Pig.  3.  This  phase-space  has  teen  described  in  [1],  and 
the  drawing  is  made  at  the  nominal  light  origin.  The  horizontal  axis 
is  the  horizontal  beam  position  and  the  vertical  axis  is  the  horizontal 
angular  deflection.  The  team  trajectory  is  a  parabola,  the  extraction 
mirror  is  transformed  in  a  skewed  band  and  the  slit  in  the  focal 
plane  is  a  horizontal  acceptance  band.  As  can  be  seen  in  the  sketch, 
the  longitudinal  limits  set  by  the  slit  are  independent  of  orbit 
position  changes,  which  would  not  be  the  case  with  a  diaphragm 
located  at  any  other  position.  This  slit  does  not  generate  a  vertical 
diffraction  pattern  which  is  a  great  advantage.  The  vertical 
diffraction  will  only  result  from  the  natural  diffraction  of  the 


0-7803-0135-8y91S01.00  ©IEEE 


1160 


^chrotron  pattern  wd  from'the.liinitations  in  the  vertical 
-  plane  set  by  the  extradion  mirror. 


CCD  frame,  transfer  detours  are  used.  Their  well  defined 
gcometty  and  control  flexibility  makes  them  very  attractive  for  this 
application.  Iheir  main  disadvantage  is  the  lower  cut-off  wavelength 
of  450  nm  which  leads  to  the  use  of  a  wavelength  shiflcr.  The  latter 
is  included  in  a  fast  optoelectronic  shutter  enabling  the  separation  of 
individual  bunches  and  the  choice  of  predetermined  observation 
times. 

3.  System  DEScrupnoN 

The  enlarged  vacuum  chamber  is  connected  to  a  small  light 
extraction  tank  which  takes  the  place  of  the  hydroformed  bellows 
used  between  acyacent  chambers,  The  tank  has  a  length  of  cither 
202  mm  or  300  mm  depending  if  it  is  at  the  QS  18  or  QS 12  monitor. 
The  tank  is  made  of  a  muhined  and  water*cooled  copper  piece  to 
which  a  bellows  is  brazed  to  give  some  degree  of  freedom  with 
respect  to  the  acyacent  chambers.  Also  brazed  to  it  are  the  light 
extraction  tube  and  the  passage  for  the  bciyllium  mirror.  This  tank 
will  absoib  most  of  the  incoming  synchrotron  radiation  power,  i.e. 
130  W  in  LEP  phase  1,  It  provides  as  smooth  a  transition  as  possible 
between  the  two  vacuum  chamber  sections.  The  light  extraction 
tube,  including  the  pieces  up  to  the  telescope,  acts  as  a  waveguide 
below  cut'Off  for  the  electromagnetic  fields  induced  by  the  beam. 
This  keeps  the  RP  losses  of  the  set-up  at  a  reasonable  value.  The 
beiyllium  mirror  is  tightly  fixed  onto  a  water  cooled  support  and  can 
be  retracted  from  the  li^t  path  if  ncccssaiy.  The  mirror  assembly  is 
mounted  on  the  telescope  tube  for  maximum  stability.  A 
compensating  bellows  takes  any  stress  from  the  telescope  tube.  The 
telescope  itself  is  mounted  in  a  stainless  steel  tube  of  350  mm  inner 
diameter  and  3.44  m  length.  This  tube  is  located  above  the  bending 
magnet  and  rests  on  a  stable  support  made  of  I  shaped  aluminium 
beams.  The  optical  elements  and  the  detectors  are  fixed  on  a  3.2  m 
long  optical  bench.  As  mentioned  previously,  the  first  folding  mirror 
is  chromium  coated.  The  two  other  mirrors  are  aluminium  coated  for 
maximum  reflectivity  down  to  the  UV  domain.  The  incidence  angle 
on  the  focusing  mirror  has  been  kept  to  less  than  2  degrees  to 
minimize  the  astigmatism.  The  focal  length  of  this  mirror  is  4.04  m, 
which  is  a  compromise  between  available  length  and  magnification. 
The  magnification  of  the  telescope  is  G  =  0.2.  The  first  two  mirrors 
can  be  rotated  around  the  horizontal  axis  and  the  third  mirror 
around  the  vertical  axis  to  center  the  light  spot  on  the  detectors. 
Two  sets  of  seven  chromatic  and  seven  density  filters  allow  the 
choice  of  the  wavelength  used  and  adjustment  of  the  light  intensity 
to  the  dynamic  range  of  the  detectors.  At  present,  filters  centered 
around  480,  450,  253  nm  are  used  for  measuring  the  profiles,  and 
filters  centered  around  622  and  800  nm  are  used  to  assess  the 
contribution  of  the  diffraction  to  the  profile  enlargements.  Six 
density  filters  are  available  with  transmissions  from  100  to  1  %.  The 


light  origin  selecting  slit  can  be  vaiied  in  aperture  from  0  to  10  mm 
in  0.1  mm  steps,  acyusting  the  angular  acceptance  from  0  to  -fA  1.25 
mrad.  Its  center  can  be  acyusted  in  the  same  way  within  -t-A  6  mm. 
Two  detectors  are  installed,  either  the  light  is  focused  directly  on 
the  entrance  face  of  the  wavelength  shifler/fast  shutter  assembly,  or 
it  it  deflected  via  a  movable  mirror/camera  assembly  [2]  directly 
onto  a  CCD  chip.  ^1  movements  are  made  via  stepping  motors.  The 
elements  were  first  aligned  in  a  surface  laboratory  and  then  again 
during  the  installation  in  the  tunnel.  The  final  tuning  was  made 
with  the  LEP  beams. 

The  elements  in  the  telescopes  are  remotely  controlled  via  the 
LEP  control  system  (Fig.  4).  Two  VME  crates  (ECA’s)  located  in  an 
underground  cavern  at  about  500  m  from  the  telescopes  are  used  to 
control  and  read  data  from  the  four  telescopes.  The  VME  crates  each 
house  a  68010  CPU,  communications  and  timing  modules,  stepping 
motor  controllers,  camera  mode  controllers  and  image  acquisition 
cards.  The  software  is  written  in  Pascal  and  C  using  the  RMS68K 
operating  system.  Image  acquisition  and  processing  is  performed  on 
request,  at  a  user-defined  frequency  or  on  external  events.  Apollo 
workstations  are  used  to  display  the  results  and  images  in  the  PCR 
(Prdvessin  Control  Room).  A  menu-driven  program  for  the  PCA’s 
gives  complete  tek  facilities,  and  can  be  used  to  display  the  two 
dimensional  images  and  projections. 


Fig.  4 :  System  control  chain. 


4.  DETECTORS 

'lire  CCD  chip  [3]  consists  of  IIO'OOO  useful  light  sensitive  pixels, 
each.  23  pm  square,  arranged  in  288  rows  of  384  columns,  the 
spertral  response  of  the  CCD  extends  from  450  to  1100  nm.  The 
CC?J  IS  of  the  frame  transfer  w>pe  meaning  that  there  arc  two  active 
ai  t.i  on  the  chip ,  one  area  (image  zone)  is  used  to  acquire  the  new 
data  whilst  the  second  area  (menvoiy  zone)  is  used  to  read  out  the 
prr.'viously  acquired  data.  Transfer  between  the  two  zones  occurs  at 
tl'j  end  of  each  integration  period  and  takes  0.16  ms.  The  linear 
dyiiamic  range  of  the  CCD  is  greater  than  1:700. 

The  CCD  -control  electronics  have  been  designed  to  give 
complete  control  of  the  integration  and  readout  times  of  the  chip.  In 
the  simplest  mode  of  operation  the  CCD  operates  as  a  conventional 
TV  camera  with  an  integration  time  of  20  ms.  In  the  normal  digital 
operation  mode  the  integration  time  can  be  varied  from  100  pa  to  65 
ms  and  the  pixels  can  be  read  out  at  a  rate  of  1  MHz,  rate  dictated 
by  the  ADC  used.  The  start  of  the  integration  time  can  be 
syuebronized  to  an  external  event.  In  these  two  modes  of  operation 
the  complete  image  area  of  288  rows  is  shifted  to  the  memory  zone 
for  readout  when  the  integration  time  has  elapsed.  The  third  and 
most  complex  operational  mode  of  the  detector  is  the  "multi-image" 
or  "burst"  mode.  In  this  mode,  the  image  area  is  shifted  to  the 
memory  zone  in  discrete  blocks  during  the  acquisition  time,  these 
blocks  consist  of  a  preselected  number  of  rows  (from  16  to  128).  By 
using  this  block  shifting  technique,  in  conjunction  with  the  external 
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eieciro'nic  shutter,  up  to  18  images  can  be  stored  in  the  CCD 
during  one  acquisition  period.  The  external  shutter  and  the  shilling 
of  the  pixel  rows  have  to  be  ^chronized  to  each  other.  There  is  a 
dead  tin»  between  exposures  of  about  25  ps  for  8  exposures.  The 
readout  of  the  meihoiy  zone  is  done  m  the  same  way  as  described 
previously. 


Pig,  5 :  "Burst  mode";  The  top  zone  is  the  image  area  on  which  the 
sjmchrotron  light  is  imaged.  The  shaded  zone  is  the  momoiy  area. 
Between  successive  light  pulses,  controlled  by  the  fast  shutter,  the 
stor^  pronies  are  shilled  down  to  the  memory  area.  At  the  end  of 
the  process  up  to  eighteen  profiles  (six  illustrated)  are  stored  in  the 
memory  area  of  the  CCD. 

The  wavelength  convertcr/shutter  is  a  commercial  product  (4).  It 
consists  of  a  two  stage  image  intensifier  with  a  magnification  of 
11/18.  The  input  window  is  made  of  quartz  and  the  photocathodc  is 
sensitive  from  below  180  nm  up  to  300  nm.  The  phosphor  radiates  at 
520  nm  and  has  a  fast  decay  time  of  100  ns  to  be  compatible  with  the 
burst  mode,  the  hi^  voltage  (6  to  10  kV)  to  Uie  intensifier  is  pulsed 
so  that  the  device  behaves  as  an  electronic  shutter  with  a  rise/fall 
time  of  a  few  microseconds  and  an  open  time  of  about  10  ps.  The 
intensifler  is  directly  coupled  to  the  CCD  chip  via  a  fl^roptic 
bundle.  The  pulsing  interval  can  be  adjusted  from  1  to  256  beam 
turns  and  can  be  locked  onto  any  of  the  four  circulating  bunches. 

5.  Data  ACQUISITION  AND  Processing 

The  CCD  memory  area  is  digitized  with  a  12  bit  fast  (1  MHz) 
ADC  and  the  result  is  stored  in  an  on-board  buffer  memory.  Once 
the  image  has  been  acquired,  an  area  of  interest  is  found  by 
karming  every  fourth  pixel  on  every  fourth  row  to  find  the  highest 
value,  a  rough  measurement  of  the  half  height  is  used  to  define  the 
dimensions  of  this  area  in  both  planes.  Projections  are  then  done 
within  this  area  by  summing  every  row  to  get  the  horizontal  profile, 
and  every  column  for  the  vertical  profile.  The  profiles  are  corrected 
for  therWl  drift  by  mibtracting  the  straight  line  between  the 
endpoints  of  the  area  and  a  smoothing  of  the  profiles  is  also  done. 
Ihe  profiles  are  rneasured  using  a  three  pass  calculation.  Once  the 
measurement  is  complete,  the  results,  profiles  and  the  sbety  by  sbety 
pixel  portion  of  the  image  around  the  centre  of  charge  are  stored  in 
a  buffer,  ready  to  be  read  by  the  PCA.  The  measured  sigmas  and 
their  average  and  rms  valuta  over  a  predetermined  number  of 
measurements  are  superimposed  on  the  TV  picture  via  a  commercial 
text  generator  and  mixer  card. 

6.  RESULTS  WITH  BEAM 

As  soon  as  sufficient  current  was  circulating  in  LEP  in  July 
1989,  the  synchrotron  light  monitors  received  their  final  tuning  and 
were  used  in  TV  mode.  They  were  very  useful  for  real  time 
observation  of  the  beam  size,  coupling  and  various  instabilities.  Ihis 
was  mainly  due  to  their  good  sensitivity  as  1  pA  beams  were  visible. 
Later  in  the  year  the  images  were  digitized  and  the  beam  profile 
measuring  algorithms  tested.  This  information  was  then  added  to 
the  TV  picture.  This  is  still  the  most  used  facility  provided  by  the 
monitors.  In  1990  software  was  written  for  the  PCR  workstations 
and  the  fast  shutters  were  tested.  The  3-D  plots  proved  to  be 
extremely  useful  for  the  fine  tuning  of  the  instruments.  The 
precision  of  the  monitor  began  to  be  evaluated  over  the  five  months 


of  operation.  The  linearity  of  the  monitors  was  checked  and  found, 
good  to  3%  over  two  decades  of  intensity.  The  contribution  of  the  slit 
width  Wg  was  investigated  arid  it  was  confirmed  that  for  the 

measurement  of  the  horizontal  omittance  there  is  an  optimum  slit 
opening  around  3  mm  where  the  combined  contributions  from  the 
longitudinal  acceptance  and  the  diffraction  are  minimum.  For  the 
vertical  emittance  the  best  result  is  obtained  with  the  smallest 
possible  slit,  a  practical  limit  being  around  0.5  mm.  The  variation  of 
the  beam  rms  values  were  measured  as  a  function  of  the  wavelength 
and  the  contribution  of  the  diffraction  evaluated.  These  various 
contributions  can  be  considered  as  an  rms  broadening  which  will  add 
quadratically  to  the  beam  size.  The  estimated  values,  given  in  pm, 
are: 

ODh“2  ^/Wg  ,  for  the  horizontal  diffraction, 

Odv  =  4  ,  for  the  vertical  diffraction, 

=  70  Wg  ,  for  the  longitudinal  acceptance, 

X  being  expreked  in  nm  and  Wg  in  mm. 

No  measurable  difference  could  be  observed  between  the 
horizontal  and  vertical  broadenings  due  to  the  slit  width.  Further 
studies  are  needed  to  improve  the  precision  of  these  estimations. 

The  fast  shutter  was  operated  in  TV,  digital  full  frame  and  digi¬ 
tal  burst  modes.  Below  is  the  resulting  3-D  plot  of  eight  successive 
turns  of  the  same  bunch.  The  program  gave  also  the  plot  of  the 
centres  of  charge  as  well  as  various  displays  for  the  individual  shots. 


Fig.  6 : 3-D  plot  of  ei^t  successive  turns  of  a  selected  bunch.  The 
horizontal  axis  is  the  beam  horizontal  dimension,  the  other  axis  is 
the  vertical  beam  axis  within  a  time  slot. 
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Abstract 

The  traditional  internal  beam  probes  in  cyclotrons  have 
consisted  of  a  differential  element,  a  wire  or  thin  strip,  and 
a  main  probe  with  several  fingers  to  determine  the  vertical 
distribution  of  the  beam.  The  resolution  of  these  probes 
is  Hniited,  Specially  in  the  vertical  direction.  We  have  de¬ 
veloped  a  probe  for  our  K1200  superconducting  cyclotron 
based  on  a  CCD  TV  camera  that  works  in  a  6  T  magnetic 
held.  The  caihera  looks  at  the  beam  spot  on  a  scintillat¬ 
ing  screen.  The  TV  image  is  processed  by  a  frame  grabber 
that  digitizes  and  displays  the  image  in  pseudocolor  in  real 
time.  This  probe  has  mu  A  better  resolution  than  tradi¬ 
tional  probes.  We  can  see  beams  with  total  currents  as  low 
as  0.1  pA,  with  position  resolution  of  about  0.05  mm. 

Introduction 

The  standard  beam  probe  for  the  K1200  cyclotron  consists 
of  a'besm;  current  measuring  device  that  gives  limited  in¬ 
formation  on.  the  vertical  beam  distribution.  The  probe 
head  is  made  of  three  copper  leaves  separated  by  small 
insulating  spacers  in  the  vertical  direction.  The  height  of 
each  leaf  is  approximately  6  mm.  The  probe  thickness  in 
the  beam  path  direction  is  such  that  it  stops  completely 
most  of  the  heavy  ions  in  the  energy  range  of  our  cyclotron, 
but  not  so  for  lighter  ions.  The  only  information  that  we 
obtain  with  this  probe  is  the  total  current  as  a  function 
of  radius.  .This  is  probably  enough  to  study  vacuum  loses 
and  tune  the  beam  through  resonances  by  maximizing  the 
transmitted  beam  current,  but  very  little  can  be  learned 
about  beam  dynamics.  Several  attempts  have  been  made 
at  other  laboratories  to  obtain  more  information  on  the 
internal  beam,  but  these  techniques  all  have  limitations 
[1,  2]. 

After  our  successful  experience  with  the  use  of  scintilla¬ 
tors  and  a  frame  grabber  to  tune  and  study  external  beams 
[3]  and  similar  experiments  at  other  laboratories  [4, 5, 6, 7], 
we  decided  to  look  into  the  possibility  of  building  a  beam 
probe  physically  compatible  with  the  present  current  probe 
that  could  include  a  TV  camera  to  look  at  a  phosphor  cov¬ 
ered  plate.  This  new  kind  of  internal  beam  probe  was  then 
developed  for  the  K1200  cyclotron.  It  consists  of  a  small 
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Figure  1:  Close  up  view  of  the  probe  head  before  welding 
to  the  vacuum  tube.  The  support  for  the  scintillating  plate 
is  seen  on  the  upper  left.  The  plate  is  held  in  a  groove  by 
springs.  The  two  supports  are  the  electrical  connection  to 
the  beam  current  monitors. 

TV  camera  that  looks  at  the  image  produced  by  the  beam 
hitting  a  phosphor  covered  plate.  The  small  size  of  the 
camera  allows  it  to  be  placed  close  to  the  screen.  The  im¬ 
age  gives  a  detailed  view  of  the  current  density  in  r  and 
z,  with  position  resolution  of  about  0.05  mm.  Total  beam 
currents  below  one  electrical  pA  are  easily  analyzed.  This 
probe  opens  new  possibilities  for  the  study  of  internal  beam 
dynamics  and  allows  tuning  very  weak  beams,  below  one 
pA. 

TV  probe 

The  desire  to  make  the  new  probe  and  the  standard  probe 
interchangeable,  so  as  to  use  the  same  hardware  for  the 
drive  presents  severe  restrictions  on  the  physical  dimen¬ 
sions.  The  space  is  limited  to  a  tube  of  1.25  inches  diam¬ 
eter  that  is  inserted  in  tlie  median  plane  between  the  two 
sections  of  the  superconducting  coil. 

Two  major  concerns  were  the  possibility  of  radiation 
damage  to  the  camera  and  the  high  magnetic  field  (6  T) 
in  which  the  camera  must  work.  The  simplification  offered 
by  inserting  the  camera  close  to  the  plate,  compared  to 
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Figure  2:  TV  camera  positioned  behind  the  window  as  it 
would -appear  inside  the  stainless  steel  tube  that  is  posi¬ 
tioned  above. 


using  an  optical  system  with  its  associated  loses,  induced 
us  to  design  and  build  the  TV  probe.  We  chose  an  ELMO 
102BW  camera  after  testing  it  in  a  ihagnetic  held  because 
of  its  small  size  and  image  quality. 

Figure  1  shows  a  close  up  view  of  the  probe  head,  while 
Figure  2  shows  the  TV  camera  placed  behind  the  head 
next  to  the  stainless  tube  that  encloses  the  system.  The 
ruler  is  marked  in  inches.  The  phosphor  plate  is  removable, 
allowing  an  easy  change  of  the  phosphor  if  needed.  The 
probe  removal  and  reinsertion  in  the  cyclotron  can  be  done 
under  vacuum  in  a  period  of  30  minutes.  The  screens  are 
produced  by  spraying  ZnS[8]  phosphor  with  Krylon  as  a 
binding  agent. 

The  two  insulators  that  support  the  head  are  hollow, 
and  a  conducting  rod  traverses  to  carry  the  current  signal 
to  the  beam  current  monitors  (BCMs).  We  have  had  dif¬ 
ficulties  reading  beam  currents  below  100  pA,  but  a  beam 
current  below  1  pA  gives  an  easily  viewable  light  output  for 
the  TV  camera  and  produces  no  radiation  datnage  to  the 
CCD.  We  have  noticed  permanent  radiation  induced  dam¬ 
age  for  currents  above  1  nA.  This  threshold  depends  on  the 
ion  and  its  energy.  But  for  the  cases  that  we  have  tested 
this  seems  to  happen  at  least  100  times  above  the  currents 
that  we  would  normally  use  for  TV  viewing.  The  tuning  is 
normally  performed  with  attenuators  inserted  in  the  injec¬ 
tion  beamline.  These  screens[9]  which  are  available  with 
different  combination  of  transmissions,  down  to  10"^,  sam¬ 
ple  the  beam  over  the  complete  phase  space,  rather  than 
just  collimating  it.  In  the  regime  of  negligible  space  charge, 
the  small  amount  of  current  that  is  injected,  is  then  repre¬ 
sentative  of  the  total  beam;  the  attenuator  thus  provides 
complete  control  of  the  beam  intensity  hitting  the  probe. 
Once  the  beam  is  tuned,  the  probe  is  retracted  and  the 
attenuator  screens  adjusted  to  match  the  experiment  re¬ 
quirements.  Working  with  low  current  allows  the  probe 
to  run  with  no  water  cooling,  which  lowers  the  electrical 
noise.  The  ability  to  tune  beams  with  very  low  intensities 
will  allow  us  to  accelerate  to  higher  energies  ions  that  are 
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Figure  3:  Contour  plot  of  light  intensity  on  the  scintillator 
for  a  He  beam  of  40  MeV/u.  The  probe  is  at  a  fixed  radius 
(0.83  m),  just  outside  the  Ur  =  coupling  resonance. 
The  plot  on  the  left  corresponds  to  a  centered  beam,  while 
the  one  on  the  right  is  from  an  off-centered  beam. 


produced  in  limited  quantities  in  the  ion  source.  Modern 
47r  detector  experiments  require  low  intensities  and  can 
make  use  of  these  weak  high  energy  beams. 

The  glass  dome  visible  at  the  lower  left  in  figure  1  is 
used  to  insert  an  illuminating  optic  fiber.  The  purpose 
is  to  inspect  the  condition  of  the  screen  in  case  there  are 
doubts  abo\it  its  integrity. 

The  IIS170  TV  signal  from  the  camera  can  be  sent  di¬ 
rectly  to  a  B&W  monitor  of  to  the  frame  grabber  [3]  which 
displays  the  intensity  levels  displayed  in  pseudocolor  on  a 
color  monitor  in  real  time.  Figure  3  shows  an  example 
of  the  equicontours  of  the  light  intensity  for  two  differ¬ 
ent  centering  coil  values  with  the  probe  at  a  fixed  radius. 
The  beam  probe  was  placed  just  beyond  the  region  of  the 
Vr  =  2uz  resonance.  This  coupling  resonance  transfers  en¬ 
ergy  between  the  horizontal  and  vertical  oscillation  planes. 
Most  of  our  beams  have  to  cross  this  resonance,  and  severe 
losses  can  occur  if  the  beam  is  not  centered  when  crossing 
it.  As  the  figure  shows,  the  probe  picture  gives  a  dramatic 
visualization  of  the  increase  of  the  vertical  oscillation  be¬ 
tween  the  centered  beam  (left  picture)  and  an  off-centered 
beam  (right).  These  pictures  were  digitized  from  a  video 
tape  recording.  Digitizing  from  a  recorded  image  intro¬ 
duces  some  noise  that  is  not  present  when  capturing  frames 
from  a  live  image. 

Figure  4  shows  five  intensity  contour  plots  taken  at  ap¬ 
proximately  2.5  mm  increments  apart  in  radius,  with  the 
innermost  at  a  radius  of  0.52  m.  The  ‘‘He^+  beam  had 
an  energy  of  approximately  10  Mev/u  at  this  radius.  The 
vertical  oscillation  of  the  beam  about  the  median  plane  is 
clearly  visible  .  Part  of  the  beam  hits  the  probe  plate,  and 
part  continues  for  one  more  orbital  revolution  before  hit¬ 
ting  the  plate.  By  then  its  vertical  position  has  changed. 
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Figure  4;  Contour  plots  at  five  radii  showing  the  vertical  oscillation  of.  the  beam  around  the  magnetic  median  plane. 
See  text  for  more  details. 


As  the  vertical  focusing  frequency  Ui  «  0.4  for  this  beam, 
it  takes  2.5  orbital  revolutions  for  one  complete  vertical 
oscillation. 

The  width  of  the  beam  trace  in  radius  must  be  equal 
to  the  radius  gain  per  turn  for  a  centered  beam.  The  cal¬ 
culated  radius  gain  per  turn  is  approximately  1.5  mm,  in 
good  agreement  with  the  observed  beam  width.  If  there  are 
fluctuations  on  the  beam  width  when  scanning  the  probe 
radially,  that  must  be  taken  as  an  indication  of  off-centered 
beam.  This  is  a  very  useful  diagnostic  in  cyclotrons  with 
closely  separated  turns,  where  it  is  diflicult  to  detect  the 
orbit  precession  from  the  turn  pattern.  It  is  possible  to 
Imagine  a  control  progiam  that  analyzes  the  beam  pat¬ 
tern  and  decides  to  change  the  centering  coil  and  the  dee 
voltages  to  center  the  beam  automatically.  The  pictures 
ob.served  during  the  probe  motion  remind  us  of  the  time 
exposure  of  a  moving  quartz  plate  shown  by  Kelly  during 
the  early  operation  of  the  LBL  88-inch  cyclotron(10]. 

Conclusions 

The  detailed  information  that  the  new  probe  gives  in  the  r 
and  z  planes  with  very  low  noise  expands  enormously  the 
work  that  can  be  done  in  comparing  with  orbit  tracking 
simulations.  A  rich  new  field  opens  to  us  with  this  new 
diagnostic  tool. 

This  work  was  supported  in  part  by  NSF  Grant  PIIY- 
8913815. 
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Abstract 

The  caufe  for  remote  monitor^  of  the 
density  distribution:  of  accelerated  particles' 
beam  over  cross  s^ion  is  based  on  the  analysis 
spatial  distribution  of  residual  (as  Ionization 
prbduc^.  With  the  tranwerse  homofeneous 
electric  field  the  released  charfes  are 
transported  throu(h  narrow  slot  behind  which  they 
are  a^yzed  over  energy  with  the  electric  field. 
Then  .'they  are  registered  by  the  open  electron** 
optical  converter  with  micro-channel-plate 
amplifier.  The  image  of  the  beam  distribution 
over  cross  section  from  the  electron-optical 
converter  scrMn  is  read  out  by  TV-camera  for 
repremntatloh  on  monitor.  The  detector  was 
tested  on  cyclotrons  at  lAE  (Moscow), IMP  (Klev>‘ 
and  IMP  (Prague).  The  threshold  sensitivity  on 
the  proton  beam  with  the  energy  30  MeV  10 

L  »4TROOUCT^ 

The  accelerated  beam  dimension  and  position 
monitoring  in  beam  transport  tract  (8TT)  is 
significant  when  performing  precise  nuclear 
experiments,  as  well  as  irrasl^lng  various 
targets,  e.g.  production.  >if  ia^topes.  For 
example,  beam  profile  detectors  used  wide  which 
registrated  residual  gas  Ionisation  products  in 
BTT  (1,21. 

The  device  was  proposed  in  (3-71  for 
unconnected  measurements  of  the  accelerated  beam 
transverse  distribution  in  cross  section  (fig.  1). 


Flg.l.  Tlte  circuit  of  the  beam  cross  section 
unconnected  detector. 

1-  investigated  beam,  2-removing  capacitor, 
3,4-reflectlng  and  removing  electrodes,  5- 
permanent  voltage  course,  6-two-coordinate 
position  sensitive  detector,  7-registratlon 
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circuit,  8-analyslng  capacitor,  9-reslstive 
divider,  10-slot  in  removing  electrode,  11- 
slot  in  the  input  plate  of  analyslt^ 
capacitor. 

The  cross  section  detector  includes  removing  and 
analyzing  capacitors,  current  collector  designed 
as  electron-optical  converter  (EOC)  with 
amplifier  on  mlcrochannei  plates  (MCP)  and 
corresponding  power  supplies.  The  guided  beam 
ionizes  BTT  residual  gas  when  passing  the  gap  of 
removing  capacitor.  The  ions  relmsed  by  the 
plane  field  are  acceterated  to  the  removing 
electrode  with  the  shaping  slot  1x80  mm  in  size 
and  directed  perpendicular  to  the  BTT.  Passing 
through  the  shaping  slot  the  accelerated  tons 
form  the  strip  beam  in  which  the  spatial 
distribution  of  particles  directed  along  the  slot 
corresponds  to  the  distribution  of  particles  in 
the  guided  beam  in  this  direction.  Energy 
distribution  of  the  removed  tons  corresponds  to 
the  investigated  beam  distribution  over  the  other 
orthogonal  coordinate.  Electric  field  of 
analyslr^*  capacitor  performs  the  analysis  of  this 
energy  distribution.  As  a  result,  two-coordinate 
optical  image  of  removed  ions'  distribution 
corresponding  to  the  transverse  cross  section 
particle  distribution  in  tlte  guided  accelerated 
particle  beam,  is  formed  on  the  EOC  screen. 
Arrangement  of  analysli^  capacitor  at  an  angle  of 
45*  to  the  direction  of  removal  and  removing 
electrode  ptone  provides  linear  correlation  of 
the  obtained  image  dimensions  with  the  dimensions 
of  the  guided  beam,  and  image  dimension  Y 
corresponding  to  the  beam  dimension  X  in  the 
direction  of  removal  are  correlated  by  the 
dependence 

y  -  2.{E„.  E,).x  , 

where  E^.  and  E^  are  intensities  of  removing  and 
analysing  fields,  respectively.  The  detection  of 
the  optical  image  of  the  beam  transverse  cross 
section  is  performed  with  the  industrial  TV 
camera. 

I.  DEVICE  CONSTRUCTION 

At  present,  the  standardized  device  for  the 
accelerated  beam  dimension  and  shift  monitoring 
was  developed  at  lAE  cyclotron.  The  elements  of 
construction  of  the  beam  cross  section 
unconnected  detector  are  placed  in  a  standard 
diagnostic  section  with  overall  dimensions 
230x230x230  mm  and  hole  diameter  for  a  flange 
186  mm.  The  supply  voltage  is  introdwed  through 
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the  flange  on  which  the  removing  el^irode  and 
analysing  capacitor  with  EOC  are  fiwed.  The 
detection  of  optical  image  of  the  beam  cross 
section  is  performed  with  TV  camera  on  the  side 
of  a  flange  on  which  the  reflec:ting  electrode  of 
removing  capacitor  is  fixed.  Thus,  some 
electrodes  of  removing  capacitor  are  designed  in 
the  form  of  a  grid  with  high  transparence.  The 
observation  of  EOC  screen  is  carried  out  at  angle 
of  4S*.  FOR  the  current  location  of  beam 
dimensions  on  both  coordinates  equation 
■  1^-B^was  chosen  between  the  intensities  of 
removing  and  analysing  fields,  and  V  *  . 

A  remove  drive  which  provides  installation 
of  luminewent  screen  into  the  removing  capacitor 
gap  is  fixed  on  one  of  the  sides  of  the 
diagnostic  section.  The  center  of  the  luminescent 
screen  is  brought  into  coincidence  with  the  line 
Joining  the  TV  lens  center  and  EOC  screen  center. 
This  allows  to  perform  initial  tuning  of  the  beam 
using  traditional  diagnostics  with  the  Increased 
sensitivity,  also  to  carry  out  comparative 
measurements  to  estimate  serviceability  of 
unconnected  detector.  Pig.  2  shows  pictures  of  the 
beam  transverse  cross  section  of  current 
interception  luminescent  screen  and  EOC  screen. 
It  can  be  seen  that  the  images  are  Identical. 


Detector  construction  permits  the  beam 
intensity  monitoring.  It's  enough  to  measure  the 
screen  EO^  beam.  But  the  sensitiveness  of  the 
device  depends  from  the  pressure  in  the  BTT.  For 
exclusing  this  dependence  it  is  proposed  to 
change  MCP-multipller  amplification  coefficient 
in  accordance  with  pressure  changing  151.  It  may 
be  reached  as  using  some  special  functional 
converter  for  changing  of  MCP-ampUfication,  as 
by  the  pressure  changihg  calculation  when 
information  is  treated  in  computer. 

The  additional  convenience  for  the  user  is 
produced  by  the  unit  of  TV  signal  quasi-color 
presentation.  The  unit  is  based  on  rapidly 
stopped  8-stage  ADC  providing  the  upper  step 
frequency  up  to  20  MHz.  The  3  higher  stages  of 
ADC  are  used  for  modulation  of  3  projectors  of 
colored  monitor.  In  this  case  the  colored  image 
of  the  beam  cross  section  is  formed  on  the 
monitor  screen,  and  the  shape  of  colored  stripes 
of  each  color  corresponds  to  the  studied  beam 
intensity  distribution  on  the  given  comparison 
level.  Ve  also  provided  a  device  for  separation 
of  sync  pulses  from  TV  signal  for  current 
transmls^on  of  ADC  codes  into  computer  memory  at 
digital  processing  of  parameters  of  the  guided 
beam  cross  section.  An  example  of  the  computer 
data  processing  of  the  beam  cross  section  is  the 
beam  diagnostics  in  a  large  scattering  camera  of 
lAB  cyclotron.  In  this  case  by  the  signals  from 
two  separated  beam  cross  section  detectors  we 
calculate  position  and  angle  of  the  current 
incidence  on  a  physical  target  inaccessible  for 
direct  measurements  (fig.3>.  The  section  of  the 
station  for  TV  image  digital  processing  was 
considered  in  171. 


Fig.  2.  Picture  of  the  beam  transverse  cross 
section  from  the  luminescent  screen  ( a)  and 
unconnected  detector  EOC  screen  (b>. 


FI0.3.  Example  of  determination  of  the  beam 
position  on  an  image  target. 

W.  MAIN  PARAMETERS 

Let  US  give  for  conclusion  the  summary  table 
of  the  principle  parameters  of  the  beam  cross 
section  unconnected  detector. 

Dimensions  of  the  controlled  area  40x40  mm 
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60  mm 
ixl  mm 

0. 1x0.1  mm 
10  ■®A 
3x10  torr 
10  kV 
10  hA 

Multiplier  amplification  coefficient 
of  MCP  10® 

Amplification  inhomogeneity  over  area  20  % 
Time  of  image  shaping  100  ns 

Number  of  ADC  stages  6 

Step  frcouency  6  MHz 

Nundier  of  color  Intensity  gradation  on  a 
colored  monitor  8 

One  must  note  that  in  case  of  necessity  the 
dlsiensions  of  the  controlled  area  can  be  easily 
increased  up  to  60x60  mm.  The  further  Increase  of 
these  dimensions  is  limited  by  the  sizes  of 
produced  MCP. 

IV.  CONCLUSION 

An  explotatlon  such  detector  at  the 
cyclotron  and  tandem  in  Kurr’jatov  Atomic  Energy 
Institute,  ( Moscow >.  in  Institute  of  Nuclear 
Phteic  (Kiev),  in  Institute  of  Nuclear  Phlslc 

(Prague-Rgage),  an  experiments  in 

Zentrallnstitute  fur  Kernforschung  (Dresden- 
Rossendorf  >  show  that  our  detectors  are  very 
useful!  devices  for  unconnected  beam  diagnostic 
at  difference  accelerators.  The  production  of 
such  detectors  is  prepared  now  as  for  fiances 
apperture  166  mm.  so  for  fiances  apperture  180 
mmand  100  mm  in  accordance  with  standard  ISO/DIS 
1809. 
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Intensity  Interferometiy  and  Its  Application  to  Beam  Diagnostics 


Efini  Advanced  Photon  Source,  APS/360, 

Argoraie  Nation^  Laboratory,  Argonhe,  IL  60439 


Abstract 

This  paper  presents  an  ^proach  for  the  measurement  of  the 
particle  bem  size  based  on  x-ray  intensity  interferometry.  Two 
technically  feasible  schemes  are  proposed  and  analyzed.  This 
type  of  interferometer  will  provide  a  resolution  of  a  few  tenths 
of  a  micron  for  a  positron  beam  that  emits  undulator  radiation. 
The  minimum  required  time  for  the  measurement  is  about  30 
sec*. 


I  INTRODUCTION 


Intensity  interferometry  as  introduced  and  developed  by 
H.6rown  and  R.Twiss  [1,2]  has  widespread  application  now  in 
different  areas  of  physics  [3,4],  with  one  of  the  most 
successful  application  in  laser  physics  due  to  high  spectral 
power  laser  source  [S].  The  possibilities  of  intensity 
interferometry  in  the  x-ray  region  are  discussed  elsewhere  [6], 
but  it  appears  useful  to  consider  it  again  because  of  the 
creation  of  third-generation  synchrotron  radiation  (SR)  sources. 
The  main  goal  of  these  sources  is  the  utilization  of  the 
radiation  from  special  insertions  devices  providing  high 
spectral  power  in  the  x-ray  wavelength  region.  Intensity 
interferometry  could  be  an  adequate  tool  for  the  particle  beam 
diagnostics,  as  well  as  an  instrument  for  the  characterization  of 
the  coherent  properties  of  x-ray  radiation.  Some  possibilities 
for  the  use  of  intensity  interferometry  for  synchrotron  radiation 
sources  have  already  been  discussed  [7,8].  However,  it  is 
essential  to  consider  real  technical  schemes  for  applications  in 
sources  that  exist  now  and  are  under  costruction.  This  paper 
discusses  an  undulator  at  Advanced  Photon  Source  as  a  source 
for  intensity  interferometry. 


Work  sponsored  by  U.S.  Department  of  Energy,  BES- 
Materials  Sciences  under  Contract  W-31-109-ENG-38 
U.S.  Govenunent  woric  not  protected  by  U.S.  Copyright 


n.  SR  Intensity  Interferometer 

Fig.l  presents  a  simplified  scheme  for  an  intensity  inter¬ 
ferometer. 


Fig.  1  Intensity  interferometer  scheme:  a-source  size,, 
L-distance  source-detector,  1-distance  between  slits,  X-wave- 
length,  AX-wavelength  bandwidth. 

The  signals  from  two  "square  law"  detectors  are  amplified 
and  multiplied  together  in  the  linear  mixer.  The  average  value 
of  the  product  gives  a  measure  of  correlation  in  the 
fluctuations.  The  main  result  of  the  Brown-Twiss  effect 
consists  of  the  dependence  of  this  product  on  the  relative 
position  of  the  slits  in  front  of  the  detectors:  the  correlation  is 
increased  when  slits  are  placed  in  the  area  coherently 
illuminated  by  the  source. 

Two  of  the  main  characteristics  of  the  experimental  scheme 
should  be  mentioned  here:  the  coherent  time  of  the  source 


1169 


tcohrX^/(AXc)  and  the  resolving  time  to  of  the  comlator 
which  should  be  smaller  than  the  reverse  value  of  the  ampilfier 
bandp^s.  Ihe  relation  between  th^  par^eters  defines  what 
Idnd  of  the  experimmtal  t^hnique  should  be  chosen  for  the 
signal- detection.  In  the  case  xq  «  tcoh  the -counting 
technique  would  be  adequate,  Md  if  Xc^h  <<  “tO  tlie  average 
current  from  the  det^tor  should  be  measured  [9]. 

Before  starting  the  comparison  of  these  two  different 
techniques  we  need  to.determine  the  optiihiim  wavelength  for 
the  measurements,  selecting  as  a  source  the  Advanced  Photon 
Source  7-Gev.  storage  ring.  The  diffraction  limit  defines  the 
relation  between  the  source  size  a  and  the  angular  diveregence  0 
of  the  radiation: 

e.AaSX 

But  from  other  side: 

0  =  _^ 
yVFT 

where  N  is  the  number  of  undulator  periods  and  y  is  the 
relativistic  factor.  As  a  result: 

Aa-XyVN 

and  for  APS: 

Y  ~10^  VN  -  5,  Aa  -  lO"^  cm 

X  ~i  A 

The  wavelength  practically  defines  the  type  of  the 
monochromator  that  can  be  used  for  the  measurements.  This  is 
the  crystal  type  monochromator.  Recently  a  significant  step  in 
x-ray  monochromatization  was  made  by  inventing  of  the 
nuclear-Bragg  scheme  [10,11].  As  a  result,  a  level  of 
monochromatization  of  AXA~10'^2was  achieved.  Conse¬ 
quently,  the  feasible  coherent  time  now  is  about  10'^  sec. 
This  time  is  certainly  larger  than  resolving  time  of  the 
contemporaiy  registration  instrumentation  and  the  counting 
technique  is  convenient.  With  the  spectral  flux  from  the  APS 
undulator  [12]  of  about  10^^  p/s  the  detector  counting  rate  Nd 
will  be  about  10^  c/s  and  a  coincidence  rate  Nc~XcohNd^  of 
about  10  c/sec  can  be  achieved.  A  beam  size  measurement 
time  of  about  20-60  sec  seems  realistic. 

In  the  case  of  the  crystal  monocromator  utilization  tlie 
coherent  time  is  equal  10’^^  sec  for  the  1  A  wavelength 
radiation.  This  value  is  much  smaller  than  typical  resolving 
time  for  the  amplifier,  so  the  "current  technique"  should  be 
chosen.  The  time  measurement  T  can  be  estimated  as  follows: 


The  spatial  resolution  of  the  beam  size  measurement  does 
not  de^d  what  Idnd  of  registration  technique  is  used  and  can 
expressed  in  the  following  form: 

Aa  =  ^ 

LX 

It  should  be  noted  here  that  the  approach  consider^  in  this 
paper  is  valid  if 


For  the  APS  undulator  this  condition  is  satisfied. 


m  CONCLUSION 

The  feasibility  of  intensity  interferometry  for  the  APS 
undulator  has  been  demonstrated.  In  addition,  it  has  been 
shown  that  both  an  acceptable  time  scale  for  measurements  and 
the  spatial  resolution  are  readily  achievable. 
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Abstract 

The  Laser-induced  neutralisation  technique,  LINDA,  is 
important  as  a  noninterceptive  diagnostic  for  quantita¬ 
tively  measuring  beam  emittance  values,  It  is  also  valuable 
for  its  capability  to  characterise,  both  quantitatively  and 
qualitatively,  the  performance  and  match  of  linac  compo¬ 
nents,  In  this  paper  we  present  LINDA  experimental  re¬ 
sults  that  show  how  the  output  beam  of  a  radio-frequency 
quadrupole  (RFQ)  and  drift-tube  linac  (DTL)  combination 
changes  with  the  variation  of  RFQ- DTL  relative  phase  and 
of  DTL  cavity  power.  We  also  present  results  showing  the 
effect  of  a  longitudinal  buncher  on  beam  emittance. 


1  Introduction 

The  Laser-induced  neutralisation  technique,  LINDA,  was 
developed  primarily  to  quantitatively  measure  emittances 
of  a  high-intensity  H~  beam.  Because  of  its  non¬ 
interceptive  nature,  the  technique  can  be  used  continuously 
in  a  high-intensity  beam  without  the  survival  problems 
that  would  accompany  the  use  of  an  interceptive  diagnos¬ 
tic.  When  used  on  the  Los  Alamos  5-MeV  Accelerator  Test 
Stand  (ATS),  LINDA  has  also  proved  to  be  an  important 
diagnostic  in  characterising  the  performance  and  match 
of  various  components  of  an  accelerator  structure.  As  an 
example,  LINDA  allowed  the  ATS  experimental  team  to 
measure  the  longitudinal  emittance  at  the  exit  of  individ¬ 
ual  structures  and  provided  information  about  the  shape 
of  the  beam  longitudinal  pheue  space  is  a  function  of  the 
operational  settings  of  the  accelerator  elements.  Because 
quantitative  emittance  values  are  discussed  in  another  pa¬ 
per  at  this  conference  [l],  this  paper  concentrates  on  how 
LINDA  can  be  used  to  verify  the  optimum  DTL  field  set¬ 
ting,  the  correct  buncher  setting,  and  finally,  the  optimum 
relative  phase  setting  between  the  RFQ  and  the  DTL. 


•Work  supported  Rud  funded  by  the  US  Deportment  of  Defense, 
Army  Strntegic  Defense  Commend,  under  the  nuspices  of  the  US 
Deportment  of  Energy. 
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2  Experimental  Setup 

A  schematic  of  the  LINDA  setup  for  the  ATS  measure¬ 
ments  is  given  in  Yuan  et  al.  [1],  The  1.064-^im  fundamen¬ 
tal  from  a  pulsed,  mode-locked  YAG  laser  was  amplified 
and  frequency-doubled  to  produce  intense  pulses  of  532 
nm  wavelength.  The  mode  locking,  in  conjunction  with 
pulse  slicing,  produced  short,  S-Hs  single  pulses  of  23  ps 
duration  and  20-30  mJ  average  intensity.  The  laser  beam 
intersected  the  ATS  H~  beam  at  a  location  6.3  cm  down¬ 
stream  of  the  end  of  the  DTL.  The  setup  was  basically 
the  same  one  used  in  experiments  to  determine  emittance 
growth  and  therefore  a  second  laser  intersection  point  was 
present  17.7  cm  downstream  of  the  end  of  the  DTL.  The 
neutralised-  portion  of.  the  beam  was  separated  from  the 
charged  remainder  with  a  bending  magnet,  and  neutrals 
were  detected  with  a  secondary  emission  monitor  (SEM) 
located  9.5  meters  downstream  of  the  laser  intersection 
points.  The  time-of-flight  (TOF)  spectra  of  the  arriving 
neutrals  were  digitised  with  a  Tektronix  AD7912  wave¬ 
form  digitiser,  and  the  laser  firing  times  were  determined 
by  a  Nanofast  536- lOB  time-interval  meter.  TOF  spec¬ 
tra  and  Nanofast  times  were  recorded  for  analysis  using  a 
Micro Vax  II  computer. 

3  Characterization  Results 

Optimal  transmission  of  the  particle  beam  through  both 
the  RFQ  and  DTL  sections  of  the  accelerator  depends  on 
matching  the  settings  of  the  two  sections  to  the  proper  val¬ 
ues.  As  the  settings  depart  from  the  optimal  values,  trans¬ 
mission  can  suffer  causing  beam  intensity  to  drop.  How¬ 
ever,  with  LINDA,  we  were  able  for  the  first  time  to  see 
the  actual  change  in  shape  of  the  longitudinal-emittauce 
phase  space  that  accompanies  the  reduction  in  transmis¬ 
sion.  Figure  1  shows  a  map  of  the  observed  longitudinal 
phase  space  as  a  function  of  the  relative  RFQ-DTL  phase 
and  of  DTL  cavity  power.  For  each  phase  and  amplitude 
setting  at  which  a  measurement  was  taken,  one  observes  a 
pair  of  phase-space  contours  (reflecting  the  presence  of  the 
two  laser  intersection  points,  as  mentioned  above).  The 
similarity  of  the  two  contours  in  each  pair  indicates  that 
no  major  changes  in  emittance  shape  occur  in  the  11.4-cm 
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Relative  RpQ/DTL  phase  (deg) 
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Figure  1:  Map  of  longitudinal-emittance  phase  space  plots  measured  for  various  DTL  cavity  power  levels  and  for  various 
RFQ/DTL  relative  phases, 
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Figure  2:  Succession  of  emittance  plots  depicting  the  change  in  longitudinal  emittance  as  the  relative  RFQ/DTL  phase 
undergoes  a  full  360  degree  wraparound. 
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Figure  3:  Plots  of  longitudinal  emittance  for  different  gap  voltages  of  the  "Rl”  buncher. 
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space  between  tlte  luei  ihteisectioh  points. 

■OpthniU  transmission:  occttiied  at  ihe  relative  phue  set- 
tihg;0{  -^26,6°  and  a'DTL  power  of. 375  kW.  One  can  see 
that)  the  phase  space  remained  elliptic^  for  changes  in  rel- 
atiyophasesof  approumately  30"  to  40"  from  this  setting; 
.At  relative  phase  settings  oM3;3"  and  26.6",  the  mismatch 
between  RFQ  and  DTL  resulted  in  the  growth  of  long  tails 
in  the  emittahce  phase  space.  The  appearance  of  these 
tmls  is  evidence  that  beam  particles  are  beginning  to  fall 
out.of  the  rf  beam  bucket;  Figure  1  shows  that  with  the 
relative  phase  held  constant  at  26.6°.,  a  variation  in  the 
DTL  power  resjulted  in  asmarked<rotation  of  the  orienta¬ 
tion  of  the  long  phase-space  tails.  In  repeating  the  mea¬ 
surements,  we  found  that  the  phase  setting  for  the  onset 
of  the  rotations  could  change.  This  was  later  traced  to  a 
problem  with  tlie  potentiometer  on  the  trombone  of  the 
phase  shifter.  Hence,  in  addition  to  its  value  in  deter¬ 
mining  emittance,.  LINDA  allowed  the  experimental  team 
to  discover  and  correct  an  uncertainty  in  determining  the 
overall  relative  phase. 

A  further  variation  of  the  relative  RFQ-DTL  phase  can 
result  in  a  large  mismatch  in  which  the  entire  beam  falls 
out  of  the  rf  bucket  and  the  transmission  falls  to  sero. 
Figure  2  shows  the  longitudinal  phase-space  plots  as  the 
relative  RFQ-DTL  phase  is  wrapped  around  a  full  360". 
One  sees  the  progressive  distortion  of  the  phase-space  el¬ 
lipse,  followed  by  the  eventual  disappearance  of  the  beam. 
The  beam  reappears  when  the  wraparound  nears  360". 

4  Buncher  Modes 

In  a  later  stage  of  ATS  development,  a  beam  transport 
line  [2]  consisting  of  one  arm  of  a  beam  funnel  was  in¬ 
stalled  immediately  downstream  of  the  DTL.  After  the  first 
buncher  of  this  funnel  arm  wu  installed,  LINDA  was  used 
to  characterise  the  buncher  output  beam.  When  a  beam 
hiicropulse  passes  through  the  buncher,  the  phase  of  the 
power  cycle  that  the  buncher  is  in  (buncher  mode)  deter¬ 
mines  the  eRect  that  the  buncher  will  have  on  beam  emit¬ 
tance.  A  micropulse  passing  through  the  buncher  while 
the  buncher  field  is  changing  most  rapidly,  will  either  be 
bunched  or  debunched,  depending  on  whether  the  field  is 
increasing  or  decreasing  with  time.  In  addition,  since  the 
average  energies  at  the  front  of  the  bunch  are  altered  rela¬ 
tive  to  those  at  the  rear  of  the  bunch,  the  phase  ellipse  will 
be  rotated  after  the  beam  heis  passed  through  the  buncher. 
The  bunch  and  debunch  modes  have  the  largest  effect  on 
beam  pheise  space.  If  the  beam  enters  the  buncher  field  90 
degrees  out  of  phase  with  the  bunch  or  debunch  modes, 
then  the  bunch  is  either  accelerated  or  retarded  (deaccel- 
erated)  as  a  whole  without  much  change  to  the  shape  of 
the  emittance  ellipse.  Figure  3  shows  the  effect  of  the 
buncher  as  a  function  of  buncher  gap  voltage.  One  sees 
that  there  is  no  visible  effect  of  the  buncher  until  the  gap 
voltage,  exceeds  200  kV.  In  Figure  4,  the  output  emittance 
for  each  of  four  buncher  modes  is  shown.  For  comparison, 
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Figure  4;  Measured  longitudinal  emittance  for  four  differ¬ 
ent  ”R1’’  buncher  settings  and  for  buncher  off. 

the  emittance  is  also  shown  for  buncher  off. 

5  Summary 

The  capabilities  of  LINDA  as  a  diagnostic  go  beyond  its 
primary  function  of  quantitatively  determining  emittance 
sizes.  LINDA  can  also  serve  as  a  valuable  check  on  whether 
set  points  for  tf  fields,  buncher  settings,  and  RFQ/DTL 
relative  phases  are  optimal.  When  these  set  points  are 
varied  far  enough  from  their  optimal  settings  to  affect  the 
transmission  of  the  beam,  LINDA  permits  experimenters 
to  graphically  see  the  changes  in  longitudinal  phase  space 
that  ate  causing  the  losses  in  transmission. 
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Abstract 

Flying  wire  systems  have  been  installed  in  the  Fermilab 
Main  Ring,  tevatron,  Booster,  and  Accumulator  to  measure 
the  transverse  beam  profiles.  During  the  recent  shut  down 
many  improvements  were  incorporated  to  increase  the 
reliability  of  the  hardware,  software,  and  data, obtained  from 
their  operation.  These  improvements  include  adding  a  double 
fork  to  the  Tevatron  systems,  developing  a  new 
scintillator/photomultiplier  tube  combination,  and  a  broken 
wire  monitor,  In  addition  an  analysis  of  the  motion  control 
was  performed  to  understand  the  frequent  operational  problems 
encountered. 

I.  INTRODUCTION 

The  Flying  Wire  systems  have  been  operational  in  the 
Fermilab  Main  Ring  and  Tevatron  for  quite  some  time.  The 
basic  system  has  been  described  previously.il]  The 
installation  of  the  new  DO  colliding  detector  and  electrostatic 
kparator  system  has  necessitated  a  move  of  most  of  the  flying 
wire  hardware.  This  presented  an  opportunity  to  upgrade  the 
equipment  and  incoiporate  some  system  modifications. 

Major  problems  existed  in  many  areas.  These  areas 
include  basic  communications  problems,  mechanical  variations 
of  components,  radiation  damage  to  tunnel  components,  poor 
diagnostic  capability,  and  equipment  not  meeting  latest 
upgrade  specifications. 

In  addition,  a  complete  test  system  has  been  assembled 
incorporating  a  laser  to  simulate  beam.  This  will  allow  us  to 
test  new  ideas  as  well  as  provide  a  repair  facility  for  failed 
components. 

n.  System  Upgrades 

A.  Motion  Control 

The  motion  of  the  wire  through  the  beam  is  controlled  by 
a  microproceSSbf  chip  set,  Tjtl?  chip  set  implements  a  closed 
loop  algorithm  to  maintain  a  fixed  velocity  vs  position 
profile.  Parameters  must  be  set  to  cuwtrol  the  feedback 
characteristics  of  this  loop.  The  settings  eof  most  of  these 
parameters  appeared  to  vary  widely  from  one  installation  to  the 
others.  An  in-depth  study  was  done  to  deOermine  the  best  set 
of  parameters  for  each  wire.  This  resulted  in  finding  the 
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stnoothest  velocity  profile  with  minimum  drive  current 
fluctuations  while  the  wire  is  in  motion,  as  well  as  minimum 
holding  current  with  the  wire  at  rest. 

Analysis  also  indicated  that  a  non-uniform  tension  iii  the 
neoprene/fiberglass  timing  belt  was  a  major  contributor  to  the 
unpredictable  parameter  settings.  Mechanical  adjustment  to 
compensate  for  varying  manufacturing  tolerances  of  the  belt 
was  not  originally  provided.  Thus  when  mechanical 
components  need  replacement  no  provision  was  made  to  allow 
retuning  for  optimum  performance.  By  modifying  the  motor 
mount  to  allow  a  belt  tensioning  scheme  we  removed  a 
potential  non-linearity  from  the  system. 

B.  Optical  Encoder 

The  position  feedback  loop  uses  an  optical  encoder  to 
provide  relative  position  information.  There  arc  two  quadrature 
position  outputs  and  an  index  reference  pulse  output.  The 
index  is  used  during  a  reset  of  the  system  to  determine  a  fixed 
reference  point  from  which  all  angular  measurements  and  linear 
projections  are  calculated. 

These  encoders  are  affected  by  radiation  in  two  ways:  1)  a 
false  indication  of  index  position  is  occasionally  seen  during 
high  accelerator  losses  and  2)  the  index  pulse  totally  disappears 
after  only  a  few  months  of  continuous  use  in  the  tunnel.  The 
manufacturer  has  evaluated,  and  repaired,  many  units  and 
reports  the  failure  mode  as  a  loss  of  the  index  track  light 
emiting  diode  (LED)  and  receiver.  These  items  are  in  plastic 
packages  and  apparently  darken  with  exposure  to  radiation. 
The  quadrature  track  LEDs  and  receivers  have  an  automatic 
gain  circuit  and  can  accommodate  some  darkening;  however  we 
as  yet  do  not  know  their  approximate  lifetime. 

To  eliminate  both  index  related  problems  we  have 
installed  an  inductive  proximity  detector  in  parallel  with  the 
encoder.  A  .073"  dia.  copper  target  was  installed  on  the  main 
drive  gear  and  aligned  to  coincide  with  the  optical  index.  Both 
devices  work  in  parallel  when  the  optical  index  is  available 
with  the  proximity  detector  providing  a  gate  window  for  the 
optical  index.  The  system  is  switched  to  allow  using  either 
device  independently  or  in  the  gated  mode. 

C.  Loss  Monitors 

The  primary  detectors  that  have  been  used  in  the  past  were 
the  so  c^led  "Elias  Cans"  and  "Paint  Cans".  Both  designs 
used  a  photomultiplier  tube  (PMT)  immersed  in  a  scintillator 
oil.  The  Elias  Cans  suffered  from  too  high  a  conversion 
efficiency  resulting  in  easily  saturated  tubes.  Recent 
modifications  to  the  Elias  Cans  included  blinding  the  PMT 
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from  .the  .k:ihtillat6r  and  extending  the  can  to  move  it  radially 
away  from  the  loss  shower.  A  major  problem  with  both 
delators  h^  been  the  occurrence  of  leaks  in  the  containers. 
Ail  the  scintillator  oil  detectors  have  since  been  removed  from 
the  system. 

New  PMT  and  plastic  scintillator  detectors  have  been 
installed.at  all  of  the  flying  wire  locations.  The  new  PMT 
uses  a  lower  resistivity  S-20  photocathode  material.  This 
results  in  a  higher  sustainable  signal  and  yields  good  signal 
quality  with  the  high  voltage  set  at  750  volts.  They  should 
work  well  for  higher  intensity  beam  during  collider  operation. 

Plastic  paddles  replace  the  mineral  oil  and  leaky 
containere.  The  paddles  are  1/2"  thick  and  subtend  a  180° 
angle  about  the  b^  pipe  to  provide  a  uniform  ^d  smoother 
signal  from  losses  created  by  the  wire's  motion  through  the 
beam,  the  PMT  is  mounted  on  the  end  of  a  18"  plexiglass 
extension  to  remove  it  from  the  primary  shower. 

D.  Broken  Wires 

The  key  to  obtaining  reliable  profile  data  is  to  have  an 
intact  wire.  Two  improvements  have  been  incorporated  into 
the  Tevatron  wire  systems.  A  dual  fork  has  been  designed  and 
installed  that  provides  two  wires  180°  apart  within  the  can  as 
shown  in  Figure  1,  In  the  event  a  wire  fails,  the  second  wire 
can  be  rotated  into  position  and  used  immediately.  In  order  not 
to  affect  the  motor's  inertial  loading,  the  new  dual  fork  has  a 
moment  of  inertia  equivalent  |o  the  original  single  wire  mount 
fork.  This  was  achieved  by  fabricating  the  dual  fork  assembly 
from  titanium.  The  origin^  fork  had  l^n  made  from  stainless 
steel. 


Figure  1.  Tevatron  Dual  Fork  Detail. 


The  second  improvement  is  a  broken  wire  monitor.  A 
small  switch  is  built  into  one  end  of  the  wire  mounting 
printed  circuit  board.  Normally  the  wire  is  in  tension  and  the 
switch  is  open.  If  the  wire  breaks  the  switch  closes 
completing  a  circuit  that  includes  a  33  microfarad  (first  wire) 
or  47  microfarad  (second  wire)  capacitor.  The  change  of 
impedance  is  sensed  through  a  set  of  coils  wound  on  Teflon 
bobbins  in  the  vacuum  enclosure.  The  coil  connecting  the 
switches  to  capacitors  rotates  with  the  fork.  The  pickup  coil 
is  fixed  and  outputs  through  a  vacuum  feedthrough.  Two 


status  bits  will  be  provided  to  the  diagnostic  application 
program  to  indicate  the  health  of  each  wire. 

E.  Communications 

Host  communication  is  provided  through  a  Fermilab- 
designed  VME  board  designated  the  V080.  This  board  contains 
a  68008  microprocessor.  A  problem  has  been  identified  in  its 
arbitration  scheme  that  allows  conflicts  to  occur  when  this 
board  is  a  participant  in  interrupt  handling.  The  immediate  fix 
was  to  eliminate  interrupts  in  favor  of  a  polling  scheme. 
However  there  is  a  major  disadvantage  to  this  fix.  The 
communication  process  moves  large  buffers  of  data  after  each 
measurement.  The  current  scheme  encounters  many  delays 
causing  other  programs  to  exhibit  problems.  Future  work  will 
be  required  to  speed  up  data  transfer. 

m.  Operation  and  maintenance 

A.  Console  Control 

New  control  programs  (diagnostic  application  pages)  have 
been  implemented  that  provide  diagnostic  information  in  an 
operator-friendly  manner.  The  initial  display  shows  the  basic 
status  of  all  the  flying  wire  systems  at  a  glance.  Detailed 
displays  of  specific  parameters  for  each  wire  are  available  on  a 
subpage.  These  subpages  allow  the  operator  to  modify  motor 
drive  parameters  and  settings  of  the  mechanical  aspects  at  each 
installation. 

The  procedure  to  reset  a  wire  is  now  simplified  by  an 
interrupt  field  on  the  diagnostic  application  page.  The 
software  determines  if  the  motor  control  board  and  position 
scalar  board  agree  on  the  current  wire  position.  If  a  difference 
is  noted  the  wire  is  rotated  one  complete  revolution  and  the 
new  reference  is  noted.  If  the  reference  was  not  found  on  the 
first  revolution  a  second  revolution  in  the  opposite  direction  is 
performed.  The  motor  control  chip  set  is  then  instructed  to 
return  to  a  parking  position  based  on  the  new  reference 
position. 

Another  new  feature  of  the  diagnostic  application  page 
allows  the  setting  of  the  real  time  clock  in  each  VME  chassis. 
The  real  time  clock  is  used  to  time  stamp  each  fly's  data  for 
future  evaluation.  We  now  have  a  simple  method  to 
coordinate  the  time  setting  on  each  system. 

A  display  of  the  boards  present  in  the  VME  system 
chassis  is  now  available  using  a  subpage  of  the  diagnostic 
application  page.  There  are  no  longer  two  loss  monitors  per 
system  for  each  of  protons  and  antiprotons.  Therefore  some 
digitizer  boards  will  be  removed.  The  system  now  allows 
these  boards  to  be  removed  and  provides  a  mechanism  to 
inform  the  operator  that  they  are  not  installed.  An  additional 
benefit  of  this  feature  is  that  we  now  have  an  easy  way  to 
verify  the  addressing  scheme  within  the  chassis. 

B.  Test  System 

A  complete  collection  of  flying  wire  system  parts  has 
been  assembled  in  our  laboratory.  We  can  now  test  the 
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mechanical  and  electrical  components  in  a  working 
enyiiOTmeht 

We  have  ihcoipdrated  a  visible  la^r  to  simulate  beam  and 
16pk;at  swtteting  of  the  laser  light,  into  the  stand^d  PMT 
nipunt^  directly  oh  the  end  flange,  the  laser  is  a.670nm, 
5mw  l^g  diode.  It  runs  on  5  volts  and  is  achvated  during  a 
fly.  ^limiriaiy  results  ate  well  correlated  to  the  actual  size  of 
ttelaserb^. 

Th6  construction  and  use  of  this  test  system  has  led  to  the 
discoyeiy  of  and  solution  to  a  few  problems  already.  It  will 
reive  as  a  test  b^  for  hew  ideas  and  software  development. 

C.  Future 

Six  wire  systems  are  installed  and  will  be  made 
operaUonal  in  the  Accumulator  Ring  of  the  Antiproton 
Source.  Two  of  these  wires  were  originally  designated  for 
experiment  E760.[2]  These  two  wires  are  operationally 
rimiiar  to  the  Main  Ring  and  Tevatron  wires  except  they  rotate 
a  full  360°  for  each  fly.  The  remaining  four  wires  will 
incorporate  a  secondary  emission  readout  capability. 
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Abstract 

A  prototype  synchrotron  light  monitor  has  been  installed 
in  the  Tevatron  at  the  dovvmsteam  edge  of  a  superconducting 
dipole  magnet.  Synchrotron  light  produced  at  the  upstream 
edge  [1]  of  the  magnet  is  sufficiently  separated  from  the  proton 
beam  to  be  picked  off  by  the  monitor's  mirror  and  diverted  to 
its  detector.  The  measure^  light  intensity  at  different  beam 
energies  will  be  compared  to  the  predicted  values.  The 
parameters  of  a  beam  jxofile  monitor  will  be  discussed. 

I.  INTRODUCTION 

A  charged  particle  accelerated  transverse  to  its  direction  of 
motion  will  emit  synchrotron  radiation  [2],  This  radiation  is 
sharply  peaked  in  the  forward  direction,  being  almost 
completely  contained  within  a  cone  of  half  angle  A6  =  Vy- 
m/E,  where  m  is  the  mass  of  the  particle  and  E  its  relativistic 
total  energy.  This  radiation  if  imaged,  can  form  a  transverse 
profile  of  the  beam  itself.  Synchrotron  radiation  profile 
monitors  are  quite  common  in  electron  machines  due  to  the 
copious  numbers  of  photons  produced.  Only  relatively  recently 
however  [3]  has  such  a  device  become  available  for  routine  use 
in  a  proton  machine.  The  difficulty  can  be  traced  to  two  related 
factexs.  First  the  frequency  of  the  typical  synchrotron  radiation 
is  much  too  low  to  be  easily  detected.  Secondly,  the  angular 
resolution  of  an  imaging  system  which  should  be  high  to 
measure  the  profile  of  a  nanow  particle  beam,  will  be  limited 
by  the  extreme  narrowness  of  the  synchrotron  radiation  itself. 
This  effect  scales  as  A/A8.  Since  A6  is  set  by  the  energy  of  the 
machine,  the  only  way  to  improve  resolution  is  to  lower  X. 
As  will  be  shown,  the  way  to  enrich  the  low  wavelength 
region  is  to  rely  either  upon  short  magnets  (or  an  undulator 
which  is  a  series  of  short  magnets)  or  the  sharp  transition 
between  the  zero  field  region  and  ^e  full  field  region  of  a 
dipole  magnet 

Synchrotron  Radiation  -  "Standard  Theory" 

The  power  emitted  by  a  particle  moving  with  velocity  c^ 
in  a  uniform  magnetic  field  B  can  be  estimated  in  the 
following  way;  Consider  the  particle  in  its  own  instantaneous 
rest  frame.  It  is  subjected  to  an  effective  electric  field  E  = 
ycPxB.  The  emitt^  power  can  be  calculated  by  using 
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Larmor's  non-relativistic  formula  P  =  (e^/enCoC^ja^,  a  being 
the  acceleration  of  the  particle  =  F/m  =  eE/m.  Assuming  P 

and  B  are  at  90®,  P  =  power  is 

emitted  symmetrically  around  the  axis  of  acceleration  in  a 
toroidal  shape.  The  power  in  the  laboratory  frame  can  be 
related  to  the  rest  frame  by  a  Lorentz  transformation. 

Recognizing  that  power  =  on®  needs  to  transform 

botli  the  numerator  and  denominator.  Due  to  the  symmetry  of 
the  power  around  the  acceleration  axis,  the  average  photon 
energy  is  just  Lorentz  boosted  by  a  factor  of  y, 
AEjab  =  Y^^resl*  Since  Atjab  =  YAtcrest »  Plab  -  Brest*  ^0 
power  can  be  written  in  the  more  common  form 
eV 

P  =  g^^4g3p^2  R  and  p  are  the  radius  of  curvature  and 

momentum  of  a  charged  particle  in  a  magnetic  field, 
( R=  Ytnep/eB  »  p/cB ), 

The  frequency  spectrum  of  the  radiation  may  be  developed 
in  a  similar  manner  by  considering  the  length  of  the  radiation 
pulse  at  an  observation  point.  Due  to  the  directionality  of  the 
radiation  this  can  be  quite  short.  For  a  conventional 
synchrotron  source,  the  beam  arc  length  which  can  radiate  in 
the  direction  of  an  observer  is  R(2A6)  =  2R/y,  Again  from 
the  perspective  of  the  particle  in  its  own  series  of 
instantaneous  rest  frames,  this  length  is  Lorentz  contracted  a 
factor  of  y.  Therefore  the  power  radiated  to  reach  the  observer 
must  occur  in  a  time  span  of  2R/y^cp.  A  simple  Fourier 
analysis  says  that  the  radiation  will  have  frequency 

1  y^cB 

components  (in  the  rest  frame)  proportional  •<> 

In  the  lab  frame  these  frequencies  (or  photons)  will  again  be 
energy  boosted  another  factor  of  Y  ns  shown  before.  Putting  a 
factor  of  3  to  reflect  that  At  was  actually  the  entire  length  of 
the  pulse  and  also  to  end  up  with  a  familiar  formula,  one  can 
define  a  critical  frequency, 

3^cB 

Ver  =  "^J^*  For  a  900  GeV/c  proton  in  a  Fermilab  Tevatron 

dipole  magnet,  R  =  754  m,  P  »  1,  y  =  959,  and  the  critical 
wavelength  is  Xcr  =  cNa  =  3.5  pm,  the  far  infrared  region. 

"Short"  Magnet 

A  magnet  is  defined  to  be  short  if  its  length  is  much 
shorter  than  R(2A6)  the  arc  length  defined  above.  Effectively 
the  deflection  angle  of  the  particle  due  to  the  magnet  is  smaller 
than  the  synchrotron  radiation  cone.  The  development  for  a 
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shoH  magnet  proceeds  ^  above  exceiit  for  one  deutil.  The  path 
length  is  by  the  magnet  characteristic  length  L ,  not  the  arc 
length..  Replacing  2R/y  by  L  the  critical  frequency  ^omes 

CY^  .  .  ^ 

Vcr  =  2jcL*  For  example  a  Gaussian  ihagnet  with  '0  =  4.S  cm 


length  aiid  37.=  959  gives  a  ditical  wavelength  of  307  nm, 
the  ultraviolet  regioh.  Of  course  the  total  power  emitted  is  le^ 
than  in  the  st^dard  case  since  the  average  field  is  less  than  the 
full  ma^et  and  the  total  path  length  is  (in  this  case)  roughly 
10  times  less.  However  in  the  short  wavelength  region  around 
300  nm,  the  standard  case  has  a  negligible  intensity,  down 
roughly  e*2(3500^00)  (using  a  rigorous  formula)  compared  to 
the  3.5  pm  repoh.  Thus  synchrotron  radiation  ^om  a  short 
magnet  is  much  more  intense  in  the  short  wavelength  region. 

The  edge  of  a  magnet  behaves  similarly  to  a  short  magnet 
in  that  a  sharp  transition  from  zero  field  to  full  field  etiriches 
the  high  frequency  (low  wavelength)  portion  of  the 
synchrotron  spectrum. 

The  rigorous  derivation  of  the  power  spectrum  for  short 
magnets  and  the  edge  profiles  of  magnets  can  be  found  in  Ref 


[1]. 


II.  TEVATRON  System 
Dipole  field  shape 

The  end  Held  of  a  Tevatron  superconducting  dipole  magnet 
was  measured  with  a  Hall  probe.  Figure  1  depicts  the  field 
intensity  as  the  probe  is  inserted  into  the  magnet  To  facilitate 
calculations,  revcral  shapes  were  fit  to  the  data.  The  best 
approximation  was  an  error  ninction  with  a  characteristic  v/idth 


Figure  1:  The  relative  magnetic  field  near  the  end  of  a 
Tevatron  Superconducting  Magnet.  The  dotted  line  represents 
the  measured  data.  The  solid  line  is  an  fit  of  the  data  to  an 
Enor  Function. 


reprerenting  Uie  planes  of  polarization  perpendicular  and 
parallel  to  the  motion  ,  and  y  =  1+  (76)^.  Figure  2  plots  the 
power  spectrum  integrated  over  angles  for  several  proton 


Figure  2:  Photon  Yield  from  the  edge  of  a  Tevatron  dipole 
magnet  vs  wavelength  for  a  6*  10^®  proton  bunch  of  various 
momenta. 

Detector 

A  port  was  installed  on  the  Tevahon  beam  pipe  at  the 
Cll  location.  This  location  is  a  meter  downstream  of  a  6.1 
meter  Tevahon  Dipole  magnet.  The  proton  beam  is  bent  a 
total  angle  of  8.12  mr  from  its  original  direction.  Synchrotron 
light,  produced  tangentially  at  the  far  upstream  edge,  is 
separated  horizontally  2.5  cm  from  the  proton  beam  at  the 
downstream  end.  Since  the  proton  beam  width  is  on  the  order 
of  1  mm,  it  is  possible  to  reflect  the  synchrotron  light  by  a 
suitably  placed  mirror  without  interfering  with  the  proton 
beam.  Figure  3  schematically  shows  the  arrangement  of  the 
port.  The  mirror  is  an  aluminized  flat  which  can  be  remotely 
driven  in  and  out  of  the  beam  pipe  by  a  total  distance  of  3.8 
cm.  The  window  is  2mm  thick  Suprasil. 


sync 


Differential  Power  spectrum 

With  this  function  and  width,  the  differential  power 
spectrum  [1]  is 


Figurc3:  Schematic  view  of  prototype  setup. 
Prototype  test 


(indA. 


with  N  the  number  of  particles,  =  9.47*10'^  *m(s/kg)®-^ 
(for  protons),  =  f2(+  f2,|  =  y-6  [(l.(70)2)2  44(Y0sin2(j>)2] 


A  Phillips  2"  S20  photocathode  photomultiplier  tube 
^mt)  was  installed  adjacent  to  the  Suprasil  window.  This  tube 
was  chosen  since  it  was  available  and  its  quantum  efficiency  is 
similar  to  that  of  the  eventual  imaging  detector.  The  pmt  was 
calibrated  with  an  LED  with  respect  to  gain  so  Uiat  using  the 
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tnanufactuicr!s  nominal  quantum  efficiency  values,  an  estimate 
to  the  number  of  photons  seen  could  be  made.  Figure  4  gives 
the  predicted  number  of  photons  seen  for  both  this  pmt  and  a 
commercially  available  CCD. 

In  order  to  verify  that  we  were  indeed  detecting 
synchrotron  light  instead  of  particle  losses,  the  internal  rriirror 
was  pushed  into  the  beampipe  in  small  step* .  Wliile  in  the  full 
out  position,  no  signal  could  be  seen  on  the  pmt.  As  the 
mirror  was  pushed  into  the  beam  pipe  the  signal  could  be  seen 
to  increase,  eventually  reaching  a  plateau. 


///.  Future  Imaging  system 

We  are  in  the  process  of  installing  a  complete  imaging 
system.  This  system  will  use  the  same  beam  port  as  described 
above.  In  addition  there  will  be  two  additional  fiat  mirrors  to 
fold  the  optical  path,  a  spherical  focusing  mirror  to  make  the 
image,  and  a  intensified  CCD  camera. 

Optics 


proton  momentum  (GcV/c) 


Figure  4;  The  photoclcctron  yield  for  a  6*10'®  proton 
bunch  from  the  edge  of  a  Tevatron  dipole  magnet. 


The  reflecting  minor  is  a  S  cm  diameter  spherical  mirror 
with  a  focal  length  of  2  meters.  Since  the  object  distance  is 
7.S  meters  away,  the  image  is  formed  2.7  meters  from  the 
mirror.  The  image  height  is  36%  of  the  actual  object  (proton 
beam)  size  or  s^proximately  360  tun.  This  confl^lfstion  was 
chosen  so  that  the  area  of  ^e  image  plane  (l.l  %  0.88  cm^) 
would  cover  a  large  region  of  the  beampipe.  at  the  object  plane, 
thereby  making  it  easier  to  find  the  be^  umage  under  startup 
conditions.  The  diffraction  limit  is  29  pm  referred  to  the  image 
plane.  Note  that  3.S  pm  radiation  diffraction  limit  would  be  10 
times  worse.  The  depth  of  focus  is  ±  1  cm,  well  m, 'itched  to 
the  image  length  of  1.3  cm  (for  a  10  cm  object  length). 
Aberrations,  dominated  by  astigmatism  (due  to  a  1°  off  axis 
reflection  on  the  primary  mirror)  arc  only  8pm,  well  below  the 
diffraction  limit  rid  thus  may  be  ignored. 

Focal  piatu.  cactsr, 


It  is  difficult  to  quantitatively  compare  the  experimentat 
intensity  as  a  function  of  proton  momenta  since  the  beam  pipe 
interferes  wisii  the  synchrotron  light  beam  at  low  momenta 
Qualitatively,  the  light  is  first  seen  at  a  proton  momentum  of 
about  500  GeV/c.,  and  the  intensity  increases  rapidly  as  the 
acceleration  ramp  progresses  A  comparison  of  the 
experimental  yield  at  800  GeV/c  to  the  theoretical  value  gives 
twice  the  intensity  expected.  This  is  likely  within  the  error  of 
the  known  pmt  response. 


Figure  5:  Oscilloscope  photograph  of  response  of  pmt  to 
a  batch  of  800  GeV/c  protons.  The  individual  buckets  each 
conlmncd  approximately  0.6  *  10^®  protons. 


Detection  of  the  image  will  be  done  with  a  gateable 
microchannel-platc  image-intensifier,  optically  coupled  to  a 
^  )  camera.  The  gateable  arpcct  (5ns  time  resolution)  will 
•»«.  .  V  single-bunch  single-pass  detection  or  single-bunch 
imuliinle-oass  integration.  ITic  CCD  is  a  483x378  pixel  array 
wim  a  fiber  optic  input  window.  Each  pixel  is  spaced  30  pm 
horizontally,  18  pm  vertically  and  is  12x18  pm^  in  size, 
initial  readout  will  be  at  video  speeds. 

We  are  exploring  the  possibility  of  including  an  optical 
scanning  mirror.  This  device  would  be  place  near  the  camera  so 
that  the  converging  image  could  reflect  off  the  mirror.  In  tiiis 
manner  it  would  be  possible  to  record  an  multiple  images  of  a 
single  proton  bunch  on  successive  revolutions.  Each  image 
would  be  offset  from  the  previous  one  due  to  the  rotation  of 
the  scanner  (a  10  clement  mirror  rotating  at  30000  rpm).  At 
10  images  per  line,  and  10  lin^  a  total  of  up  to  100  images 
per  video  readout  could  be  accomplished. 
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Abstract 

Six  flying  wire  syitems  have  been  installtid  in  the  Fermi- 
lab  Accumulator  to  measure  the  transverse  beam  profiles 
during  antiproton  stacUng  and  extraction,  and  the  beam 
momentum  distribution  during  deceleration  through  tran- 
rition.  Each  system  measures  a  transverse  beam  profile 
by  pawing  a  25  micron  carbon  filament  through  the  beam 
tmnsvicrMly,'  and  recording  the  flux  of  secondary  parUeles 
which  ar«  prodaccd  bom  the  coUinons  between  the  beam 
particles  and  the  mre.  The  wire  motion,  data  acquisition, 
and  commnaieatiojn  with  the  control  system  are  managed 
by  a  S2-bit  VME  baaed  microcomputer  system.  This  pa¬ 
per  summarises  fjba  hardware  and  software  features  of  the 
Accumulator  flying  wm  systems.  The  measured  effect  of 
wire  passages  on  beamxcmittance  is  described. 

1  Introduction 

The  Accumulatpt  flying  wire  systems  have  been  installed 
for  measuring  the  transverse  beam  profiles  during  p  stack¬ 
ing,  extraction  and  the  £750  deceleration  operation  [1]. 
Their  di^lga  if  very  rimilar  to  that  of  the  Main  Ring  and 
the  Tevatron  flying  wire  systenu  [2].  Each  detector  passes 
a  25  micron  carbon  fiber  through  the  beam  transversdy  at 
a  constant  velocity  of  10  m/s.  As  the  wire  traverses  the 
beam,  collisions  between  the  beam  particles  and  the  wire 
produce  secondary  particle  cascades  with  the  intensity  pro¬ 
portional  to  the  number  of  the  beam  particles  at  the  wire 
position.  These  secondary  particles  ate  intercepted  by  a 
scintillator  in  which  photons  are  then  produced.  A  photo¬ 
multiplier  is  used  to  measure  the  light  intensity,  and  the 
wire  position  it  determined  by  an  optical  encoder. 

2  Wire  Location 

In  the  Accumulator,  the  two  honsontal  and  two  vertical 
flying  wires  to  be  used  in  normal  stacking  operation  are 

*Opcrmted  bjr  the  UmTcnitles  Reseaidi  AModetlon  Ine.,  uder 
contzvct  vsih  the  U.  S.  Dcpartmeiit  of  Eoogy. 
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Figure  1:  location  of  the  horisontal  flying  wires  in  the 
AP40  high  dispersion  region. 

located  in  the  AP40  high  dispersion  section,  covering  the 
core  orbit  and  the  extraction  orbit  respectively.  The  two 
wires  for  E760  are  both  horisontal,  one  is  located  in  the 
AP40  Ugh  dispersion  region  and  covers  the  central  orbit, 
the  other  in  the  AP30  low  dispetrion  re^on.  They  are  to  be 
used  to  measure  the  momentum  distribution  of  the  beam. 
Figure  1  shows  the  covering  range  of  the  horisontal  wires 
in  the  AP40  high  dispersion  region.  The  fork  arm  length  of 
the  E760  Ugh  dispersion  wire  is  7.02"  and  that  of  the  other 
five  irires  is  5.02".  The  optical  encoder  provides  an  angular 
resolution  of  0.022  degree  (16384  steps  per  revolution). 

3  System  Features 

Since  the  Accumulator  requires  a  higher  vacuum  than 
the  other  rmgs,  commercially  available  bellows-sealed  ro¬ 
tary  motion  feedthroughs  (manufactured  by  Vaiian  Vac¬ 
uum  Products,  pt.#954-5151)  are  used  for  the  Accumula¬ 
tor  flying  wire  systems.  These  feedthroughs  are  capable  of 
maintaining  a  vacuum  of  Totr  and  are  bakeable  to  a 
temperature  of300*C7.  Another  major  difference  of  the  Ac¬ 
cumulator  wire  systems  from  the  existing  Main  Ring  and 
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Figute  2:  Top  tiace  is  the  velocity  pioftle  of  the  wiie  in 
the  AP30  low  ditperiion  tepon.  The  bottom  ttace  U  the 
motor  euiient. 


Tevation  tyttemi  ii  that  they  also  have  an  option  to  men* 
■UK  the  beam  profile  by  .meaaating  the  depletion  current 
generated  by  the  aecondaty  esaiiiion  of  electron!.  A  BeCv 
•piral  coiled  torsion  spring  attached  to  each  wiK  provide* 
the  path  for  the  output  ugnal.  The  wires,  instead  of  bdlng 
able  to  spin  around,  must  atop  within  a  ungle  turn  (2sr) 
and  reverro  its  direction  for  the  next  fly.  Even  though  the 
wire  motion  is  controlled  via  software,  a  limit  switch  is 
mounted  on  each  flying  wire  to  prevent  further  rotation 
which  would  damage  the  torsion  spring. 

The  motion  control  and  data  acquisition  of  the  Aecumu* 
iaidl  iyitf  pis  follow  the  denga  of  the  existing  systems.  The 
motion  of  the  wire  is  controlled  by  a  commercial  8-bit  Mtvo 
controller  chip  Mt  (GL-2010  microprocessor  chip  and  GL- 
100  interface  chip  manufactured  by  Galil  Motion  Control). 
The  wire  motion  follows  a  preprogrammed  trapesoidal  ve¬ 
locity  profile,  and  the  masdmum  velocity  is  reached  and 
maintained  while  the  wiro  is  passing  through  the  beam 
aperture.  In  the  proceu  of  the  wire  motion,  the  controller 
compares  the  actual  position,  measured  by  the  optical  en¬ 
coder,  with  the  programmed  position.  The  error  egnal  is 
filtered,  and  sent  to  the  power  amplifier  to  drive  the  DC 
servomotor.  In  order  for  the  closed-loop  feedback  system 
to  have  a  fast  and  stable  response,  its  bandwidth  has  been 
properly  chosen.  In  the  testing  of  the  motion  control,  a 
resonance  caused  system  trip.  The  resonance  was  removed 
by  replacing  the  mechanical  coupler  between  the  optical 
encoder  and  the  fork  arm.  Figaro  2  shows  the  measured 
velocity  profile  of  the  wire  in  the  A30  low  disperuon  region. 

Data  acquisition  is  initiated  afl  eit.ernal  triggering 
pulse.  The  amplitude  sigjnhl  tzom  the  ph6f<9)ube  is  pro¬ 
cessed  with  a  gated  integrator,  digitised  wi(h  a  12-bit 
Iilgh  speed  A/D  convei^or,  and  stored  in  a  uxfecn  kilo¬ 
byte  FIFO  memory.  The  position  of  the  wire  is  also  stored 
in  another  FIFO  memory. 


4  Wire  Heating 

In  estimating  the  temperature  rise  of  the  wire  in  a  single 
scan,  we  assume  that  only  ionisation  loss  of  the  incoming 
particles  contributes  to  heating  and  that  there  is  no  cool¬ 
ing  during  wire  traversal.  Ignoring  the  relativistic  effect, 
ionisation  loss  as  a  charged  particle  travels  in  a  media  can 
be  expressed  as  [3] 


^  ^  .i- 

min  */3’ 

where  s  is  the  direction  of  the  particle’s  motion;  If  all 
this  deposited  energy  is  assumed  to  heat  the  wire,  for  a 
constant  specific  heat  Cp  the  temperature  rise  of  the  wire 
in  a  single  scan  is 


B’fh/rev 


dE 


AT  = 


V.c>)9> 


min  / 


(2) 


where  Np  is  the  total  number  of  particles,  k  is  the  Bolts- 
mann  constant,  p  is  the  mass  density  of  the  wire,  V*  is  the 
sweeping  speed  of  wiro,  /rev  >*  the  revolution  frequency  of 
the  beam  particle,  and  Cp  and  Pp  are  the  beam  emittance 
and  the  /)-fanction  respectively.  Since  carbon  fiber  has  a 
specific  heat  which  is  a  function  of  the  temperature,  eq.  (2) 
should  be  modified  for  a  correct  result.  The  final  temper¬ 
ature  of  the  wire  after  one  scan  can  be  obtained  from  the 
equation  below: 


Since  the  beam  sise  in  the  low  dispersion  region  is  much 
smaller  than  that  in  the  high  dispersion  region,  the  tem¬ 
perature  rue  of  the  wiro  in  the  low  dispersion  region  is 
expected  to  be  much  greater  than  that  of  the  high  disper¬ 
sion  wires.  For  a  beam  of  5  x  10^^  particles  and  with  a 
horisonal  emittance  of  Ixmm-mrad,  the  temperature  rise 
of  AP30  low  dispersion  wire  is  estimated  to  be 

ATj«950*(7.  (4) 

The  sweeping  speed  used  in  the  calculation  u  6  m/s.  For  a 
faster  speed  of  10  m/s,  the  temperature  rise  is  lower.  The 
result  remains  the  same  when  taking  into  account  the  heat 
conduction  along  the  wire. 

According  to  this  estimate,  the  temperature  rise  of  the 
wire  in  a  tingle  scan  is  much  lower  than  the  melting  point 
of  the  carbon  wire,  which  is  approximately  3550*  C.  In 
addition,  study  shows  that  only  about  30%  of  the  deposited 
energy  heats  the  wire  [4].  This  (act  will  lead  to  a  further 
reduction  on  the  temperature  rise  of  the  wire.  Therefore 
wire  heating  is  not  a  problem. 
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Figure  S:  Photomultiplier  output  signal. 
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Figure  4:  Beam  current  and  transverse  emittances. 


5  Test  Results 

Figure  S  shows  the  output  signal  (torn  the  photomulti¬ 
plier  in  a  test  lly  of  the  E760  low  dispersion  wire.  The 
trace  represents  the  particle  distribution  of  the  beam  in 
the  horisontal  direction.  It  was  also  found  in  a  test  ily 
that  as  the  wire  traversed  the  beam,  it  caused  a  beam  in¬ 
tensity  lou  and  emittance  blow  up.  Figure  4  shows  the 
measured  beam  intenrity  and  transverse  emittances  in  the 
test  fly.  For  each  sweep,  the  wire  passed  through  the  beam 
twice,  and  the  beam  loss  was  about  1%.  The  transverse 
emittance  is  obtained  by  measuring  the  total  power  of  a 
betatron  sideband,  la  figure  4,  A:EM1TH  (A:EMITV)  di¬ 
vided  by  the  beam  cunent  A;IBEAM  ^ves  the  horisontal 
(vertical)  emittance,  but  the  calibration  is  not  accurate. 
Nonetheless,  these  measurements  show  emittance  blow  up 
in  both  transverse  directions.  The  beam  hu  an  initid 
horisontal  emittance  of  l.Sw  mm-mrad  and  a  vertical  einit- 
tance  of  l.lw  mm-mrad.  The'incteases  of  the  horisontal 
and  vertical  emittances  are  roughly  O.lw  mm-mtad  and 
O.OSw  mm-mrad  respectively. 
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6  Future  Work 

In  order  to  make  the  Accumulator  flying  wire  systems 
fully  operational,  the  data  acquiution  and  reduction  sys¬ 
tem  must  be  c<dibrated  so  that  the  measured  profile  truly 
represents  the  beam  particle  distribution.  This  includes 
choosing  the  proper  high  voltage  for  each  photomultiplier, 
and  integrating  time  for  obtaining  the  integrated  light  in¬ 
tensity.  In  addition,  the  dejjdetion  current  readout  capa¬ 
bility  will  be  completed  in  the  upgrades  of  the  Fermilab 
flying  wire  systems. 
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Abs&act 

A  visual  diagnostic  technique  has  been  developed  to 
monitor  and  study  ion-beam  s^cture,  shape,  and  si^  along  a 
tf^sport  line.  In  this  technique,  a  commercially  available 
fluorescent  screen  is  used  in  conjunction  with  a  video  camera. 
The  visual  representation  of  the  beam  structure  is  digitized, 
.enhanced  through  false-color  coding,  and  displayed  on  a  TV 
monitor  for  on-line  viewing.  The  digitized  information  is 
stored  for  further  off-line  processing  (e.g.,  extraction  of  beam 
profljes).  An  optional  wire  grid  placed  upstream  of  the  fluor 
screen  adds  the  capability  of  measuring  transverse  emittance 
(or  angular  spread).  This  technique  allows  real-time 
observation  of  die  bbarn  response  to  parameter  changes  (e.g., 
evolution  of  the  beam  structurei  shii^is  in  the  beam  intensity 
at  vwpus  spatial  locations  within  the  beam  perimeter,  and 
shifts  in  the  beam  center  and  position). 

I.  INTRODUOTON 

In  ofder-to  demonstrate  the  effectiveness  of  this  visual 
diagnostic  technique,  the  systeni  was  placed  at  the  output  of 
the  Accelerator  Test  Stand  (ATS)  funnel  experiment  [li2,31. 
The  425-MHz,  5-MeV  H'  beam  from  the  ATS  drift-tube  linac 
(DTL)  was  guided  through  four  bunchers,  two  bends  in  the 
horizontal  plane,  an  rf  deflector,  and  a  dipole  sweep  magnet. 
The  diagnostic  fluor  was  placed  downstream  of  the  rf  deflector 
and  the  sweep  magnet.  Since  the  power  density  of  the  full 
25-mA,  5-MeV  H'  beam  of  was  too  high  for  direct 
observation,  a  laser  pulse  of  50-  to  100-ns  width  was  initially 
used  to  neutralize  a  segment  of  the  beam  upstream  of  the 
sweep  magnet,  while  the  remaining  H'  beam  was  deflected 
into  a  Faraday  cup.  Thus,  only  the  neuU^ized  portion  of  the 
beam  would  reach  the  fluor  for  observation. 

II.  DESCRIPTION  OF  THE  Experiment 

We  used  a  CCD  Cohu  camera  (model  #  4800)  in 
conjunction  with  a  200-mm  Nikkor  lens  to  monitor  the 
emitted  light.  The  output  of  the  video  camera  was  digitized 
and  stored  in  the  computer  for  detailed  analysis. 

A  laser  pulse  of  50-ns  width  was  used  to  neutralize  a 
segment  of  the  beam  upstream  of  the  sweep  magnet. 
However,  since  we  could  not  uigger  the  camera  externally, 
light  was  collected  for  the  entire  50  ps  of  ATS  beam  pulse 
length.  As  a  result,  the  laser-neutralized  beam  signal  (50-ns 
duration)  was  completely  washed  out  by  the  background 
neutrals.  If  these  background  neutrals  originated  in  the 
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localized  drift  region  between  the  rf  deflector  and  the  bending 
magnet,  one  would  expect  them  to  carry  the  full  signature  of 
the  output  beam.  This  assumption  is  ba^d  on  the  fact  that 
the  ion  beam  (along,  with  its  associated  neutrals)  reaches  the  rf 
deflector  at  a  steep  angle,  so  that  the  neutrals  strike  the 
deflector  housing  and  disperse  while  the  ions  are  bent  into  the 
deflector  by  a  qiiadrupole  magnet  at  its  entrance.  For  this 
reason,  we  decided  to  investigate  the  background  neutrals  that 
gave  us  a  strong  signal  when  integrated  over  the  50-ps  ATS 
pulse  duration. 

Figure  1  shows  the  background  neutral  beam  spot  with 
the  deflector  ofl  and  with  it  on.  The  well-confined  background 
neutral  beam  spot  supports  the  assumption  that  these  neutrals 
are  created  only  in  the  last  segment  of  the  beam  path,  during 
the  free  drift  from  the  deflector  to  the  dipole  magnet  Figure  1 
also  indicates  a  2.7  ±  0.4-cm  movement  of  the  beam  (the 
error  comes  from  the  uncertainty  in  locating  the  center  of  the 
beam  spot).  This  movement  is  consistent  with  the  data  from 
the  slit  and  collector  that  showed  H*  beam  deflection  angle  of 
36  ±  2  mrad  [2].  This  deflection  angle  leads  to  a  2.9  ±  0.1-cm 


5  cm - ► 


Figure  1.  Horizontal  beam  spot  movement  with  the 
deflector  (a)  off  and  (b)  on 
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Figure  2.  Beam  spot  and  superimposed  wire  shadows.  Figure  4.  Beam  spot  with  the  deflector  and  all  the  bunchers  on. 


Figure  3.  Beam  spot  at  optimized  rf  phase  of  the  deflector.  Figure  5.  Beam  spot  with  the  deflector  and  all  the  bunchers  off. 


(cmph^i^  the.effrctiveness  of  this  diagnostic  in  detecting  the 
eff^ts  of  kcelera^  param^r  changes  on  the  beam. 

m.  FUTURE  WORK 


We  ^e,  tailoring  our  diagnostic  technique  to  m^ure 
tfansve^  emitt^ce  and  beam  profile  at  the  output  of  the 
2.5-MeV  Ground  Test  Accelerator  Radio-Frequency 
Qu^pole  (GTA  RFQ).  Unlike  the  ATS  funnel  beeline, 
the  GTA  beaniline  is  straight  ahd  the  background  neutrali 
cannot  be  used  to  determine  H'  beam  phase-space.  However, 
the  background  gas  pressure  in  GTA  js  at  least  an  order  of 
magnitude  lower  than  that  in  the  ATS  and  the  background 
neutral  signal  is  existed  to  be  reduced  accordingly.  Thus, 
We  cari  laser-heutralize  the  beam  to  enhance  the  signal  in  the 
lowCT-background  environment  of  GTA. 

To  achieve  this  objective,  we: must  utilize  fast-gated, 
earner^  Qiaving  external  triggering  ctqtability)  that  provide 
SO-ns  beam  viewing  time  (laser  neutralization  Ume).  In 
addition,  we  want  to  improve  the  spatial  resolution  of  the 
experiment.  We  hope  to  achieve  both  goals  by  acquiring  a 
more  sophisticat(W  camera  and  optic  system,  that  also  allows 
remote  control  of  both  focus  and  aperture.  This  remote 
control  capability  is  necessary  to  operate  in  the  GTA 
environment 
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Abstract  Two  sets  of  wire  scanners,  each  for  inc-^uring  the 
horizontal  and  vertical  profile,  are  instiled  in  LEP  in  a  straight 
section  where  the  dispersion  in  both  planes  is  zero.  A  carbon 
fibre  with  a  diameter  of  36  /im  moves  through  the  beam  with 
a  speed  of  about  0.5  m/s.  The  Bremsstrahlung  photons  gener¬ 
ated  by  the  passage  of  the  wire  through  the  beam  are  detected 
in  scintillators  located  80  m  downstream.  These  detectors  are 
shielded  against  synchrotron  radiation  and  allow  a  measure¬ 
ment  of  the  beam  profiles  which  is  practically  background  free 
and  has  a  resolution  of  better  than  10  /im.  We  present  the 
design,  the  results  and  discuss  some  limitations  of  the  instru¬ 
ment.  During  the  first  months  of  LEP  operation,  the  fibres 
were  destructed  occasionally.  The  various  causes,  tests  and 
remedies  are  discussed.  At  injection  energy  a  significant  blow¬ 
up  of  the  beam  results  from  the  wire  scan  and  has  to  be  taken 
into  account  for  the  estimation  of  the  genuine  emittance.  A 
modellisation  of  this  blow-up  is  proposed,  wherein  the  effect  is 
renormalized  on  the  actual  measured  data.  This  provides  an 
effective  data  treatment  to  obtain  the  unperturbed  beam  size. 

1  Mechanics  and  Motor  Control 

The  LEP  wirescanner  is  based  on  a  linear  movement  of  a  36 
/i.ui  carbon  fibre  through  the  beam  at  a  speed  of  up  to  1  rii/s 
(2].  The  mechanics  of  the  wire  scanner  is  shown  in  fig.  1  [1]. 

The  carbon  fibre  is  mounted  on  a  fork  with  a  gap  of  55 
mm.  The  fork  holding  the  fibre  is  firstly  accelerated,  then  kept 
at  constant  speed  during  the  traversal  of  the  fibre  through 
the  beam,  and  finally  decelerated  to  the  end  of  the  128  mm 
long  stroke.  The  speed  as  a  function  of  the  position  is  pro¬ 
grammable.  An  amplifier  (with  a  maximum  power  of  1000  W) 
generates  the  signal  for  the  motor.  A  feedback  ensures  that 
the  scanner  moves  as  requested  (fig.  2). 


The  position  of  the  fibre  is  measured  with  a  high  precision 
transducer  [3].  A  metal  rod  with  reflecting  rulings  every  20  pm 
is  scanned  with  the  help  of  a  light  emitting  diode  and  a  light  de¬ 
tector.  As  the  rod  moves  the  detector  counts  light  pulses  giving 
a  measurement  of  the  instantaneous  position  with  a  resolution 
of  4  pm.  A  reference  mark  is  deposited  onto  the  metal  rod 
which  allows  the  absolute  spatial  position  to  be  determined. 
The  ruler  allows  a  maximum  speed  of  1  m/s.  The  wire  mech¬ 
anism  is  fixed  to  a  vacuum  tank  designed  for  minimum  beam 
induced  Wakefield  losses. 


CONTROL  ACQUISITION 


2  Detector  and  Acquisition  System 

The  local  density  of  the  electrons  traversing  the  fibre  is  de¬ 
tected  by  measuring  the  secondary  particles  produced  by  the 
interaction  of  the  beam  particles  with  the  carbon  fibre.  For 
leptons  the  dominant  interaction  process  is  the  emission  of 
bremsstrahlung  photons  into  a  cone  with  an  opening  angle  of 
about  1/7  with  an  energy  spectrum  up  to  the  beam  energy. 
The  number  of  photons  generated  by  one  passage  of  the  bunch 
through  the  fibre  above  an  energy  tjireshhold  of  10  %  of  the 
beam  energy  is  in  the  order  of  10*  to  10®  [4]  [5]. 

The  scanners  are  installed  in  a  straight  section  (6)  (see  fig. 
3).  For  the  detection  of  the  photons  the  vacuum  chamber  and 
some  of  the  magnets  were  modified:  in  the  vacuum  chamber  a 
50  X  20  mm*,  2  mm  thick  aluminium  window  was  foreseen  and 
the  magnets  in  that  region  have  a  gap  to  allow  for  the  passage 
of  the  photons.  The  photon  burst  travels  80  m,  traverses  the 
window  and  is  detected  by  a  scintillator  and  a  photomultiplier 
which  measures  the  total  energy  of  the  photon  burst.  A  lead 
shielding  of  25  mm  prohibits  synchrotron  radiation  to  enter  the 
scintillator.  The  signals  from  the  p''otomiiltiplier  are  practi¬ 
cally  noiseless  (the  noise  is  less  than  10“®  of  the  signal).  With 
this  detector  only  bremsstrahlung  photons  generated  by  either 
electrons  or  positrons  can  be  measured. 

To  measure  with  a  single  scan  the  emittances  of  both  beams 
a  second  scintillator  is  installed  close  to  the  vacuum  chamber 
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Figure  3:  Wire  Scanners  Locations 

towards  the  inside  of  the  ring  about  3  m  downstream.  The 
scintillator  detects  secondary  particles  with  a  much  smaller 
signal  and  therefore  high  gain  photomultipliers  are  used.  The 
scintillator  is  sensitive  to  synchrotron  radiation.  The  intensity 
of  synchrotron  radiation  is  independent  of  the  fibre  position 
and-generates  an  offset  in  the  profiles  which  becomes  visible 
with  LEP  operating  at  high  energy,  e.g.  46  GeV. 

The  signals'from  the  individual  bunches  are  transmitted  over 
a  300  m  long  cable  and  digitized  in  the  electronics  (fig.  2).  Af¬ 
ter  a  scan  the  memory  in  the  VME  crate  housing  the  electronics 
contains,  the  digitized  profiles  from  4  electron  and  4  positron 
bunches  (LEPi-operates  wllh  4  bunches  per  beam  separated  by 
22  /is).  In  the  local  data  preprocessing  the  software  searches 
and  finds  the  profiles  within  the  memory,  fits  a  Gaussian  dis¬ 
tribution  and  sends  the  results  from  the  fit  as  well  as  the  raw 
data  to  the  operator  consoles.  The  result  of  all  scans  are  saved 
in  a  catalog  and:  can  be  retrieved  later. 

3  Operation  and  Results 

Since  the  start  of  LEP  operation  some  thousand  scans -were 
done.  The  main  use  of  the  wire  scanners  is  for  the  measurement 
and  optimization  of  the  vertical  beam  size,  mainly  at  an  energy 
of  around  46  GeV  (LEP  was  operating  most  of  its  time  around 
this  energy  which  corresponds  to  the  enery  of  the  Zo). 

Whereas  the  horizontal  beam  size  is  relatively  independent 
on  the  fine  tuning  of  the  machine,  the  vertical  omittance 
changes  with  parameters  like  betatron  tune,  closed  orbit  devi¬ 
ation  etc.  During  luminosity  operation  the  vertical  emittance 
varies  between  about  2  and  20  nm,  mainly  due  to  the  blow  up 
of  the  beams  caused  by  beam-beani  effects.  The  blow-up  de¬ 
pends  on  the  tuning  of  the  machine.  In  fig.  4  the  vertical  beam 
profile  is  shown.  The  beam  energy  was  46  GeV,  the  emittance 
3  nm,  and  the  rms  beam  size  is  0.49  mm. 

Always  one  IN  scan  is  followed  by  one  OUT  scan.  If  the 
measured  beam  sizes  from  both  scans  do  not  agree  within  cer¬ 
tain  limits,  it  can  be  assumed  that  either  the  beam  is  not  stable 
or  the  scanner  is  not  working  correctly.  The  results  of  a  scan 
are  displayed  to  the  operator  as  shown  in  Table  I. 

The  smallest  emittance  observed  at  46  GeV  beam  energy 
was  0.7  um  after  an  orbit  correction  in  the  vertical  plane  down 
to  an  rms  value  of  0.65  mm  and  a  careful  coupling  compen¬ 
sation.  This  corresponds  to  a  betatron  coupling  between  the 
horizontal  and  the  vertical  plane  of  about  2  %.  The  current 
per  bunch  was  about  0.2  mA.  Discrepancies  with  results  from 
other  emittance  measurements  were  observed  [7].  The  cause 
of  these  discrepancies  is  still  unknown.  A  similar  scanner  in¬ 


stalled  in  the  SPS  using  the  same  data  acquisition  .system  and 
the. same  software  measures  within  the  errors  the  same  emit¬ 
tance  as  other  instruments. 

TABLE  I:  Bunch  currents,  beam  sizes  and  emittances. 


LEP  WS-Rul-Vertical  QUT-45.50  GeV  -  28/08/90  10.33.16 
Energy;45.50  GeV  Beta:79.,92-in  Velocity :-386min/s 


##  Len  iA  Anp  Mean  /nun  Sigma  /mm  Em  /nm  errX. 
pi  133  0.21  1179  0.026+-0.605  0.602+-0.004  4.532  1.4 
p2  133  0.21  1204  O.624+-O. 004  0.610+-0.004  4.657  1.2 
p3  136  0.20  1158  0.025+-0.004  0.596+-0. 004  4.440  1.1 
p4  132  0;20  1209  0.019+-0.004  0.610+-0.064  4.650  1.2 
el  150  0.20  885  0.095+-0. 000  0.618+-0. 600  4.775  2.1 
e2  153  0.18  906,  0.132+-0. 000  0.631+-0. 000  4.986  2.6 
e3  135  0.17  933  0.124+-0.0()0  0.561+-0.000  3.943  2.6 
e4  148  0.18  900  0.103+-0.000  0.613+-0.000  4.701  2.0 


Figure  4;  Scan  in  the  vertical  plane  at  46  GeV  beam  en¬ 
ergy 


Figure  5;  Scan  in  the  vertical  plane  at  20  GeV  beam  en¬ 
ergy 

At  high  energy  (16  Ge\')  most  ptufiles  ha\c  a  regular  shape 
and  can  be  fitted  by  a  Gaussian  plus  a  cunstant  ulfset  .Ml  tlie 
vertical  scan.s  done  at  a  beam  energy  of  20  Ge\’  show  a  large 
systematic  asymmetry  which  c.ui  be  explained  by  Coulomb 
scattering  of  the  electrons  at  tin.  Carbon  atoms  (see  fig.  5). 
Due  to  scattering  the  emittance  ’uetcascs  more  and  more  as 
the  fibre  moves  through  the  beam. 
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In,4h"e  following  we  roughly  estimate  the  emittance  growth 
expected  from  a  scan  ;  the  rms  scatter  angle  is  given  by 
®=T?,Po/p  Po  =  i'l  MeV/c,  p  the  beam  momen¬ 

tum,  L-the  effective  thickness  of  the  fibre  and  Lp  the  radiation 
length  of  the  material,  0.275  m  for  carbon.  The  emittance 
increase  for  the  Coulomb  scattering  becomes:  AE  =  /90*/2. 

In  Table  II  the  estimated  emittance  increase  for  a  scan  at  20 
GeV  is  compared  with'the  design  emittance  and  the  measured 
•eifiittahce.  Values  of  2.5  %  for  the  coupling  and  of  0.2  m/s  for 
the  speediof  the  fibre  are  assumed. 

TABLE  II:  Blow-up  by  a  scan  at  a  beam  energy  of  20  GeV 
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mm\ 
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15 
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V 
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2.0 

1.5 

0,27 

is  the  beta-functionj  Em  the  measured  emittance  and  Ei  the 
theoretical  emittance.  At  this  fibre  speed  the  emittance  growth 
in  the  vertical  plane  is  much  larger  than  the  emittance  to  be 
measured.  As  a  consequence  the  speed  of  the  fibre  has  been 
increased  from  initially  0.2  m/s  to  about  0.4  m/s  which  reduces 
the  blow-up  by  a  factor  of  two.  To  obtain  a  better  estimation 
of  the  true  emittance  the  measured  profile  is  matched  with  a 
Gaussian  fit  at  the  less  perturbed  side  in  the  data  treatment. 
In  general  this  method  gives  a  too  optimistic  result  and  an  im¬ 
proved  data  treatment  is  foreseen  :  It  can  be  shown  that  only 
one  parameter  k  is  sufficient  to  fit  the  profiles  in  the  case  of 
blown  up  beams.  This  can  be  determined  by  the  skewness 
t  =  where  p,  are  the  moments  of  the  distribution.  In 

Table  3  the  different  methods  of  fitting  the  profiles  are  com¬ 
pared. 

TABLE  III:  Emittance  estimation  from  three  algorithms 
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At  46  GeV  beam  energy  no  blow-up  has  been  observed  as  ex¬ 
pected  :  The  emittance  blow-up  decreases  with  I/7*  and  the 
emittance  increases  with  7  (with  7  the  relativistic  factor  of  the 
particles). 

Some  of  the  carbon  fibres  were  destroyed  during  the  1990 
LEP  run.  From  previous  experience  with  protons  [2]  it  ap¬ 
peared  unlikely  that  this  was  due  to  the  beam  energy  deposi¬ 
tion.  Two  of  the  four  fibres  were  replaced  by  50  pm  beryllium 
fibres.  After  they  were  destroyed,  the  inspection  showed  clearly 
that  the  fibre  was  melted  and  not  broken  (see  fig.  6).  All  fi¬ 
bres  were  not  broken  at  the  beam  location.  This  indicated 
that  electromagnetic  heating  of  the  whole  fibre  is  probably  the 
cause  of  the  problem. 

A  resistance  measurement  for  monitoring  the  temperature 
confirmed  this  hypothesis.  A  typical  temperature  evolution 
over  a  scan  is  shown  in  fig.  7.  A  the  "OUT”  position  left,  the 
temperature  is  about  400  degrees  per  mA  circulating  beam.  As 
the  fibre  approaches  to  the  beam,  but  before  touching  it,  the 
temperature  increases  rapidly  hinting  to  a  coupling  with  the 
electromagnetic  field  of  the  bunch.  The  temperature  increase 
is  about  300  degrees  for  one  mA  beam  current.  After  the  beam 
traversal  in  the  ”IN”  position,  a  new  temperature  level  of  780 
degrees  is  measured.  The  fibre  is  then  brought  back  to  its 
’’OUT”  position  and  the  same  phenomenon  is  observed.  The 
two  temperature  peaks  decrease  with  increasing  fibre  speed, 
whereas  the  steady  levels  stay  unchanged.  At  a  speed  of  0.4 
m/s  no  further  fibre  were  broken. 


One  measure  to  reduce  the  temperature  rise  is  to  decrease 
the  electromagnetic  coupling.  The  parasitic  loop  enabling  the 
current  flow  is  suspected  to  be  closed  through  ceramic  pieces 
isolating  the  wire  holders  from  the  aluminium  fork.  These 
pieces  were  redone  on  two  wire  scanners  to  decrease  the  par¬ 
asitic  capacity.  On  the  other  two  scanners  the  arms  of  the 
fork  were  entirely  made  of  ceramics.  Qualitative  measurements 
could  only  be  made  on  the  scanner  with  the  modified  isolation 
piece.  They  indicate  a  reduction  of  approximately  30  %  of  the 
temperature  increase.  The  scanners  with  the  complete  ceram¬ 
ics  arms  seem  to  present  a  larger  improvement.  This  has  still 
to  be  confirmed. 


Figure  7:  Fibre  Temperature  for  IN-OUT  Scan 
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Abstract  ■ 

The  AGS  Booster  ionbation  Profile  Monitor 
(IPM)  must  operate  in  a  vacuum  of  about  3  x  10’  ^  ^  Torn 
The  ultra-high  vacuum  .imposes  certain  requirements  on 
detector  gain  andirestrictions  on  construdion  techniques. 
Each  detector  is  a  two-stage -microchannel  plate  with  an 
integral  substrate  containing  sixty-four  printed  anodes. 
Formed  electrodes  provide  uniform  collection  fields 
without  the  use  of  resistors,  which  would  be  unacceptable 
in  these  vacuum  conditions.  An  ultra-violet  light  calibrates 
the  detector  in  its  permanent  mounting.  An  extra  set  of 
electrodes  performs  a  first  order  correction  to  the  per¬ 
turbations  imposed  by  the  horizontal  and  vertical  col¬ 
lection  electrodes.  This  paper  will  present  details  of  the 
design  of  the  profile  monitor. 

INTRODUCTION 

The  AGS  Booster  is  a  synchrotron  whose  purpose 
is  three  fold.  It  wll  increase  the  AGS  proton  intensity  by 
allowing  the  injection  of  four  1.5  GeV  pulses  rather  than 
one  200  McV  pulse.  It  will  accumulate  twenty  pulses  of 
polarized  protons  to  boost  their  intensity  as  well.  Lastly,  it 
will  accelerate  heavy  ions  to  a  momentum  suitable  for 
injection  into  the  AGS  and  RHIC,  the  Relativistic  Heavy 
Ion  Collider.  It  is  an  intensifier  for  AGS  beams  and  a 
necessary  pre-accelerator  for  RHIC. 

The  profile  monitor  in  the  AGS  Booster  is  a  re¬ 
sidual  gas  ionization  monitor.  The  Booster  beam  ionizes 
gas  molecules  in  the  volume  over  two  sets  of  collecting 
wires,  one  vertical,  the  other  horizontal.  The  ions  would 
naturally  drift  radially  outward  for  the  space  charge  of  the 
beam,  but  electrical  fields  that  are  strong  enough  to  re¬ 
direct  their  natural  radial  motion  send  them  to  the  wires. 
For  strong  enough  collection  fields,  the  ions  travel  in 
rather  straight  trajectories  from  their  point  of  generation 
to  the  collection  wires.  The  pattern  on  the  wires  is  thus 
either  a  horizontal  or  vertical  projection  of  the  intensity  of 
ion  production,  which  is  directly  proportional  to  the  beam 
intensity.  Standard,  high  sensitivity  integrating  electronics 
and  a  real  time  computer  interface  acquire  the  signals, 
display  them,  and  allow  control  of  the  collecting  fields  and 
other  variables.  Figure  1  is  a  block  diagram  of  the  profile 
monitor  and  its  electronics. 


*  Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 
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Fig.  1.  A  block  diagram  of  the  Ionization  Profile  Monitor 
and  its-readout  electronics.  AGS  Booster  timing  signals 
control  the  integration  and  sampling  times. 


The  most  severe  constraint  on  the  ionization 
profile  monitor  design  is  the  ultra-high  vacuum  of  the  AGS 
Booster,  nominally  3  x  10’*  *  Torr.  This  pressure 
cor-responds  to  a  residual  gas  density  of  approximately 
10®  gas  molecules  per  cm® .  At  these  rarefactions,  the 
beam  produces  ionization  signals  on  the  order  of 
picoamps.  Furthermore,  there  is  an  extremely  limited 
range  of  construction  materials  and  techniques  that  one 
I'un  use  in  vacuum  of  this  quality.  Resistors,  for  instance, 
t.mnot  grade  potentials  in  the  vacuum  since  they  outgas 
too  much.  Aluminum  softens  at  the  bake  out  temperatures 
in  use,  so  metal  parts  must  be  of  stainless  steel.  An 
appropriate  choice  of  detector,  therefore,  is  a 
microchannel  plate.  The  microchannel  plate  has  high 
gain,  operates  only  in  a  vacuum,  and  can  tolerate  bake  out 
temperatures  01300“  C. 

MCP  DETECTOR 

A  typical  microchannel  plate  has  a  gain  of  10* 
electrons  per  input  electron.  Cascaded  plates  provide 
higher  gain,  though  not  strictly  the  product  of  the  gains  of 
the  individual  plates,  since  saturation  effects  in  the  last 
plate  dominate  very  quickly.  In  the  AGS  Booster  IPM,  the 
detector  is  a  dual  microchannel  plate*  with  a  specified 
gain  of  10^  electron  per  electron.  Ionic  inputs  to  micro- 
channel  plates  cause  slightly  different  gains  from  the 
electron  inputs.  In  fact,  the  gain  of  a  typical  plate  can  vary 
with  ion  species  and  energy.^  In  order  to  generate  beam 
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intensity  profiles  that  are  not  merely  qualitative,  the  profile 
monitor  design  must  make  these  gain  variations  insig¬ 
nificant.  Careful  shaping  of  the  electrical  collecting  fields 
minimizes  these  gain  effects. 

The  heart  of  the  profile  monitor  is  the  dual  micro- 
channel  plate  detector,  which  comprises  the  microchannel 
plates  and  their  associated  anode  array.  A  small  distance 
from  the  exit  end  of  the  plates  is  a  ceramic  substrate  with 
sixty-four  linear  anodes.  Each  anode  is  a  collecting  wire, 
and  runs  the  length  of  the  plate.  The  whole  detector 
assembly  attaches  to  four  supporting  posts  on  the  vacuum 
side  of  a  flange.  Ceramic  insulation  covers  the  wires  from 
the  detector  to  two  thirty- five  pin  instrumentation  feed¬ 
throughs.  Cevamic  also  insulates  the  wires  that  provide 
the  bias  voltage  to  the  front  and  back  sides  of  the  plates. 
The  unity  of  the  dctector/anodc  assembly  allows  the  anode 
spacing  to  be  at  a  rather  fine  pitch.  In  fact,  the  anodes  are 
1,1  mm  wide  and  are  1.47  mm  apart.  The  length  of  the 
anodes  is  75  mm,  the  length  of  the  detector  active  area. 

The  gain  of  the  detector  is  set  by  the  voltage 
across  the  input  and  output  faces  of  the  dual  plate.  There 
is  no  electrical  separation  between  the  two  plates.  Gen¬ 
erally,  the  voltage  is  about  1  kV  per  plate  for  the  specified 
gain  of  10^ .  However,  the  second  plate  can  easily  saturate 
in  the  presence  of  large  input  signals.  This  saturation  is 
very  deleterious,  since  microchannel  plates  have  a  finite 
life  determined  only  by  the  charge  extracted  from  them. 
Accordingly,  the  power  supply  that  provides  bias  voltage 
also  contains  a  protection  circuit.  This  circuit  reduces  the 
bias  voltage  to  half  the  full  scale  voltage,  i.e.  500  V  per 
plate.  The  circuit  trips  when  the  current  flowing  through 
the  detector  is  1%  of  the  current  that  flows  with  no  signal. 
This  is  the  recommended  value  for  the  fraction  of  strip 
current  at  which  to  trip.  This  power  supply  circuit  uses  an 
optically  isolated  operational  amplifier  to  compare  the 
signal  current  to  a  set  current.  It  also  provides  a  small 
differential  voltage  between  the  exit  side  of  the  last 
microchannel  plate  and  the  collecting  anodes. 

FIELD  SHAPING 

The  collecting  fields  in  this  profile  monitor  merit 
special  consideration.  There  are  constraints  on  them  as 
well.  The  primary  constraint  is  that  they  direct  ions  to  the 
face  of  the  detector  in  trajectories  that  accurately  project 
the  beam  intensity  distribution  onto  the  anode  wires.  This 
voltage  gradient,  sufficient  to  overcome  beam  space 
charge  effects,  seems  to  be  subject  to  a  law  of  diminishing 
returns.  There  always  seems  to  be  a  further  reduction  of 
beam  profile  width  as  the  collection  voltage  increases.® 
However,  the  ability  to  generate  large  fields  in  confined 
vacuum  chambers  falls  off  rapidly  at  the  higher  voltages. 
The  historic..!  va)ii>.  of  the  voltage  gradient  at  the  AGS  is 
somewhere  in  the  range  of  1  kV/cm. 


A  second  constraint  on  the  collecting  field  value, 
not  often  noted  in  devices  like  these,  is  that  the  micro- 
channel  plate  is  an  energy  analyzer  for  ions  below  about  20 
keV.  Thus,  to  form  accurate  profiles,  the  minimum  ionic 
energy  must  be  above  this  threshold.  The  ions  of  minimum 
energy  form  in  the  tail  of  the  beam  closest  to  the  face  of 
the  detector,  so  the  collecting  field  at  this  distance  must 
accelerate  these  ions  to  20  keV.  With  careful  electrode 
design,  it  is  possible  to  maintain  a  potential  of  -20  kV  at 
this  distance. 

The  ultra-high  vacuum  conditions  also  cause 
problems  in  generating  graded  potentials.  Since  resistors 
are  forbidden  and  external  resistors  would  require  pro¬ 
hibitively  many  feedthroughs,  shaping  of  the  collection 
field  electrodes  is  the  best  way  to  shape  the  field  itself. 
Figure  2  shows  the  final  shape  of  the  electrodes  and  a  plot 
of  the  cquipotential  lines.  The  size  of  the  walls  of  the 
box-shaped  electrodes  should  be  one  quarter  the  length  of 
the  electrode.^  A  close  inspection  of  the  equipotentials 
shows  that  they  are  certainly  flat  enough  not  to  cause  any 
distortion  of  the  beam  profile  image.  A  four  inch  clear 
aperture  being  necessary  for  the  beam,  the  electrodes 
must  form  part  of  the  perimeter  of  an  eight  inch  cube. 
They  arc  of  stainless  steel,  polished  and  with  no  sharp 
corners. 

Each  plane  has  a  set  of  electrodes  and  the  work¬ 
ing  voltage  on  each  set  is  nominally  70  kV.  To  correct  the 
kick  on  the  beam  from  these  fields,  a  third  set  of  elec¬ 
trodes  is  between  the  two  collection  electrodes.  These 
correction  electrodes  arc  at  45”  to  the  horizontal  and 
vertical  collection  electrodes.  The  corrector  voltage,  99 
kV,  generates  an  electric  field  that  cancels,  to  first  order, 
the  effect  of  the  vector  sum  of  the  collector  fields. 

READOUT  ELECTRONICS 

Each  detector  plane  has  sixty-four  channels. 
Each  of  these  channels  is  input  to  a  low  leakage  integrator. 
A  commercial  VME  sample/hold  multiplexer  and  A/D 
converter  with  an  imbedded  microprocessor  stores  the 
integrator  outputs  in  a  local  memory.  An  IBM  PC/AT 
then  reads  the  memory  locations  via  a  commercial  bus 
interface  that  connects  the  PC  bus  to  the  VME  bus.  The 
A/D  can  scan  through  all  channels  and  load  them  into 
memory  in  about  1  msec.  Timing  for  the  data  acquisition 
is  by  real  time  interrupts  to  the  PC,  which  controls  the 
scanner  as  if  it  were  the  VME  host.  The  timing  signals 
themselves  are  either  standard  AGS  Booster  time  line 
codes  or  the  Booster  TO  signal.  Both  are  available  for 
selection  by  the  PC. 

A  simple  calibration  system  is  also  available  under 
PC  control.  An  ultra-violet  spectroscopy  lamp  of  180  nm 
wavelength  illuminates  the  detector  briefly  in  response  to  a 
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calibration  pulse  from  the  computer.  The  light  shi»>'s  on 
the  detector  face  through  a  sapphire  window  in  *'ie 
vacuum  chamber  and  then  through  the  hole  in  the  top  of 
the  collection  electrode,  since  the  lamp  is  physically 
outside  the  vacuum.  The  quantum  efficiency  of  the  micro- 
channel  plates  at  this  wavelength  is  about  .5%.  This 
calibration  system  can  provide  a  roughly  uniform  input  to 
the  detector  and  will  allow  the  monitoring  of  the  inevitable 
decline  of  the  detectors’  gains. 


SUMMARY 

The  AGS  Booster  Ionization  Profile  Monitor  has 
the  ability  to  generate  beam  profiles  even  in  the  tenuous 
residual  gas  of  a  3  x  10'^  ^  Torr  vacuum.  It  uses  a 
microchannel  plate  detector  with  an  integral  anode 
assembly  to  generate  profiles  with  a  1.47  mm  wire  pitch.  A 
computer  based  scanning  ADC  system  allows  for  profile 
acquisition  on  AGS  cycle  time  scales.  Formed  electrodes 
generate  fields  without  the  use  of  resistors  and  the  high 
voltage  design  minimizes  the  distorting  effects  of  beam 
space  charge  and  differential  detector  response.  A 
calibration  system  is  integral  to  the  design  and  may  find 
use  in  generating  quantitative  information  from  the  beam 
profiles  as  well  as  qualitative. 
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Fig.  2.  Poisson  calculations  of  equipotential  lines  in  the 
ionization  profile  monitor  collection  volume.  These  views 
are  cross-sections  of  the  collection  volume  and  show  the 
characteristic  U-shape  of  the  electrodes.  Each  electrode 
lip  is  one  quarter  the  length  of  the  electrode.  In  both 
views  the  -70  kV  electrode  is  at  the  top  and  the  ground 
electrode  at  the  bottom;  the  voltage  between  potential 
lines  is  3.5  kV.  Scale  is  in  cm.  In  (a),  the  input  face  of  the 
microchannel  plate  detector  is  the  upper  dotted  line.  This 
face  is  held  at  -2  kV  by  the  bias  power  supply.  The 
characteristic  dual  plate  capacitor  potential  lines  have 
given  way  to  flat  potential  lines  due  to  the  lips  on  the 
electrodes.  In  (b),  a  magnified  view  of  the  collecting 
volume  shows  that  its  electric  field  is  essentially  constant. 
Here  the  micro-channel  plate  detector  is  the  rectangle 
above  the  lower  electrode. 
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Abstract 

At  the  end  of  the  Stanford  Linear  Accelerator  the  high  en¬ 
ergy  electron  and  positron  beams  are  quite  small.  Beam 
sizes  below  100  fim  (<r)  as  well  as  the  transverse  distri¬ 
bution,  especially  tails,  have  to  be  determined.  Fluores¬ 
cent  serins  observed  by  TV  cameras  provide  a  quick  two- 
dimensional  picture,  hich  can  be  analyzed  by  digitiza¬ 
tion.  For  running'*  JLAC  Linear  Collider  (SLC)  with 
low  backgrounds  ai..i,he  interaction  point,  collimators  are 
installed  at  the  end  of  the  linac.  This  causes  a  high  radia¬ 
tion  level  so  that  the  nearby  cameras  die  within  two  weeks 
and  so-called  "radiation  hard”  caineras  within  iwo  months. 
Therefore  an  optical  system  has  been  built,  which  guides  a 
5  mm  wide  picture  with  a  resolution  of  about  30  /im  over  a 
distance  of  12m.to  an  accessible  region.  The  overall  reso¬ 
lution  is  limited  by  the  screen  thickness,  optical  diffraction 
and  the  line  resolution  of  the  camera.  Vibration,  chromatic 
effects  or  air  fluctuations  play  a  much  less  important  role. 
The  pictures  are  colored  to  get  fast  inforniation  about  the 
beam  current,  size  and  tails.  Beside  the  emittance,  more 
information  about  the  tail  size  and  betatron  phase  is  ob¬ 
tained  by  using  four  screens.  This  will  help  to  develop  tail 
compensation  schemes  to,  decrease  the  emittance  growth 
in  the  linac  at  high  currents. 


1  Introduction 


The  production  rate  for  high  energy  physics  events,  called 
luminosity  /I,  of  an  accelerator  is  given  by  the  simplified 
formula: 


(1) 


where  N  is  the  number  of  particles  in  one  of  the  colliding 
bunches,  /  the  re’ietition  frequency  and  c*  the  small  spot 
size  at  the  interaction  point  (IP).  The  size  a  is  given  by 


parameters  a,  e,  where  a  =  -1/2  •  d/3/d$  [1].  There¬ 
fore  the  measurement  of  beam  sizes  is  an  important  part 
of  controlling  emittance  blow-up.  The  small  beam  sizes 
below  100  fim  at  the  end  of  the  SLAC-liriac  require  a  good 
resolution  of  the  measuring  system.  This  is  investigated  in 
the  first  sections.  A  high  radiation  level,  which  is  produced 
by  nearby  collimators,  forces  the  cameras  to  be  moved  to  a 
remote  location.  A  radiation  hard  system  using  only  first 
surface  mirrors  in  that  area  is  shown  next.  At  the  end 
some  first  results  are  presented. 


2  Resolution 

The  desired  resolution  is  determined  by  the  expected  beam 
sizes  and  the  allowable  errors;  while  the  achievable  resolu¬ 
tion  depends  on  the  screen  thickness  and  granularity,  the 
optical  and  the  camera  resolution. 

2.1  Desired  Resolution 

The  expected  beam  sizes  at  the  end  of  the  SLC  linac 
are  given  by  equation  2.  With  ye  —  i  •  10~®mrad, 
0min(mat)  =  25  (50)  m  and  a  relativistic  gamma-factor  of 
7  5=  92  000  corresponding  to  47  GeV,  the  beam  sizes  will 
be  (T  =  90  (130)  fim.  So  the  resolution  of  the  measurement 
should  be  below  this.  With  about  50 /im  resolution  (see 
below)  the  measured  beam  size  will  be  up  to  15%  more 
(<^mea»  =  VOO*  -b  50*/90  •  <xo  =  1.15  (tq)  or  the  measured 
emittance  30%  more.  By  knowing  the  resolution  to  20% 
(50±10  ftm)  the  measurement  accuracy  increases  to  about 
7%  in  size  or  15%  in  emittance  at  the  low  beta  points. 
With  half  these  values  at  the  high  beta  points,  this  system 
provides  besides  the  visual  information  a  good  absolute 
emittance  value  down  to  0.2  •  10“®  mrad. 

2.2  Achievable  Resolution 


a  =  (2) 

with  0  is  the  betatron  function  at  that  location  and  e  is 
the  emittance  of  the  beam,  in  principle  a  constant.  Differ¬ 
ent  conditions  like  beta-mismatch  and  filamentation,  bad 
steering  or  alignment  and  transverse  Wakefield  effects  can 
cause  a  significant  emittance  blow-up.  For  a  matched  beam 
(beam-;S  is  equal  lattice-/?)  equation  2  shows  that  only  the 
beam  size  has  to  be  determined.  For  any  case  at  least  three 
sizes  at  different  betatron  phase  $  locations  (or  at  different 
quadrupole  settings)  ate  necessary  to  calculate  the  beam 

•Work  supported  by  the  Department  of  Energy  contract  DE^- 
AC03-76SF(X)515. 


Different  elements  between  the  screen  and  the  observer  can 
degrade  the  resolution  of  a  small  beam  size.  The  thickness 
and  its  granularity  of  the  screen,  the  diffraction  limit  of  the 
light  path  and  the  line  resolution  of  the  camera  contribute 
to  about  (T  =  30  fim  each  [2].  In  the  following  the  resolution 
values  are  given  as  sigma  (tr)  of  a  gaussian  corresponding  to 
the  beam  size  (magnification  factor),  sometimes  calculated 
from  the  full-width  half-maximum  of  a  distribution  by  a  w 
FWHM/2.35. 

2.2.1  Screens 

The  screens  are  made  out  of  Al203:Cr  and  emit  light  at 
695  nm  (Ruby).  The  self-supporting  material  is  about 


0-7803-0135-8/91S01.00  ©IEEE 


1192 


420  thick  (<)  and  has  a  granularity  of  the  order  of  5- 
10/irn  (up  to  30/im)  in  corn  diameters. 

Thickness  The  thickness  (t  =  120/im)  contributes  in 
.v.»o  ways  to  the  resolution.  First,  assunie  that  the  camera 
‘'(Ihipking  straight  at  the  beam  (e.g.  by  a  mirror  with  ■. 
hole)  and  is  focused  on  the  middle  of  the  screen,  A  thin 
beam  produces  a  line  within  the  screen  which  is  seen  as  a 
small  disc  with 

^‘'~  2.352F’' 

With  an  f-number  of  the  optical  system  of  F  =  1.4,  the 
disc  is  ^  big  as  18  pm.  On  the  other  hand  for  F  =  15  and 
a  resolution  of  30  pm  the  focus  can.be  ±1  mm  away  from 
the  screen. 


Tilt  Tilting  a  thin  screen  e.g.  by  60°  increases  the  reso¬ 
lution  of  the'beam-ih  one  dimension  and  makes  it  easier 
to. get  access  to  the  picture  on  the  screen.  A  thick  60° 
tilted  screen  [3]  gives  the  main  contribution  of  the  screen 
(44  pm): 

2.2.35' 


Grar^ularity  The  different  corn  sizes  around  10  pm  of 
the  screen  material  scatter  the  light  and  therefore  con¬ 
tribute  to  the  resolution.  Not  knowing  the  distribution  of 
the  corn  sizes  ?nd  U)e  right  mathematics  (give  me  a  hint) 
for  calculating  the  effect,  it  has  been  measured  in  the  lab. 
A  resolution  target  has  been  imaged  into  the  middle  of  the 
screen  and  the  resolution  measured  to  be  56  pm  from  the 
other  side.  The  light  produced  by  a  beam  traverses  on 
average  ha'f  the  thickne&’j,  so  the  resolution  due  to  granu¬ 
larity  is  (r,  =  28  pm. 

2,2.2  Optical  System 

The  optical  sy.stem  should  provide  the  imaging  from  the 
screen  to  the  camera  sitting  in  a  low  radiation  environment 
without  a  significant  degradation  (see  Fig.  1).  oiarting 
with  a  certain  field  of  view  (e.g.  3  x  4  mm),  the  desired 
resolution  (»^  30  pm)  and  the  distance  to  the  camera  (» 
12  zn),  the  system  can  be  designed. 

Diffraction  Limit  Diffraction  limits  the  principle  reso¬ 
lution  of  an  optical  system.  A  lens  of  diameter  D  and  a 
focal  length  /  produces  a  spot  diameter  d  (ring  of  the  first 
diffraction  minimum)  of 

d  =  2.44^A.  (5) 

where  A  is  the  wavelength  of  the  light  (695  nm).  So  an 
jP-numbei  cf  F  =  f/D  of  12-15  provides  that  </=:"- 
2a pm.  A  non- obvious  fact  (reason:  tails  in  distribut>on) 
should  be  mentioned:  The  resolution  ag  of  the  optical  sys¬ 
tem  about  d:  erg  w  d,  which  can  be  checked  by  looking 
at  MTFs  (modulation  transfer  functions,  e.g.  [4]). 

Light  Path  Distance  The  manageable  distance  over 
which  light  can  be  easily  and  ine.\pensiYely  transported 
(no  large  diameter  optics,  no  v  .cuum  pipes)  depends  on 
the  optical  design,  air  fluctuation  and  the  vibration  levels. 


Optical  Design  To  keep  the  light  diameter  within  the 
diameter  D  of  a  lens  (e.g.  50  mm)  the  nagnification  can 
he  M  =  D/v  ==  10,  where  v  =  5  mm  is  the  diameter  of  the 
field  of  view.  With  F  =  12  or  a  corresponding  focal  length 
/  =  0.6  m  the  picture  would  be  s  =  6  m  away: 


s  =  f.M  =  DyFi-D2/v.  (8) 

To  achieve  the  necessary  distance  one  bigger  lens  of  Dj  = 
100  mm  is  used  at  a  distance  of  about  10  m,  acting  as  a  field 
lens,  which  concentrates  the  light  of  the  nearby  image  to 
the  camera  2  m  away. 


Figure  1:  Light  Path  of  the  Off-Axis  Screens. 

Every  two  seconds  ike  e"*"  and  e~ -bunches  are  kicked  onto 
the  off-axis  screens  at  the  end  of  the  SLC-linac.  The  radi¬ 
ation  from  the  collimators  near  the  screens  forced  the  cam¬ 
eras  to  be  moved  to  a  low  radiaxion  area  12  m  away.  The 
first  parabolic  mirror  provides  a  diffraction  limited  resolu¬ 
tion  below  SOfxm  and  kelps  to  achieve  a  small  diameter 
of  ihe  light  path  and  a  low  sensitivity  o  air  fluctuations 
and  vibration  levels  by  enlarging  the  picture  for  the  long 
distance. 


it  has  turned  out  that  this  design  has  a  lot  cf  advantages: 
Beside  smaller  optical  parts  (not  D  =  s/F  =  0  8  m),  the 
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quick  (aftsr  0.6  m)  and  big  {M  fa  16)  magnification  pro¬ 
vides  1^  sensitivity  to  air  motion.  A  motion  of  200  itra 
over  12  m,  observed  by  alignment  crews,  are  decreased 
down  to  the  10  fixn  level.  The  one  large  lens,  mounted  near 
the  top  of  a  vertical  penetration  in  a  protection  pipe, .can 
be  used  for  two  light  paths  of  two  nearby  screens  (electrons 
and  positrons). 

A  mirror  flatness  of  about  A/8  and  vibration  levels  of 
0.1 /ith  over  the  diameter  produce  a  disturbance  or  off¬ 
sets  of  about  Ax  =  40 /im  in  10  m  distance.  Taking  the 
magnification  into  account  this  is  small  compared  to  the 
diffraction  limit  (in  design), 

A*«2.^^«d.  (7) 

On  the  other  hand  vibrations  of  up  to  40  on  the  screen 
were  observed  in  the  first  test  setup,  where  one  mirror 
was  mounted  on  top  of  the  water  cooled  accelerator.  The 
resolution  can  be  checked  by  looking  at  the  smallest  visible 
corn  size  oyer  the  whole  imaging  system.  Shiny  corns  had 
two  coma-like  tails  of  about  25 /im,  which  decreased  the 
resolution  in  the  worst  case  to  50  fim  (see  below). 


Abberations  Geometric  and  chromatic  abberations 
have  been  investigated.  Achromatic  and  radiation  hard 
lenses  can  be  made  in  principle  by  a  combination  of  silica 
(Si02)  and  MgFa  (probably  also  CaF2,  LiF)  lenses.  Due 
to  high  costs  and  the  lack  of  proof  of  real  radiation  hard¬ 
ness,  lenses  are  avoided  in  the  accelerator  area  and  instead 
curved  first  surface  mirrors  are  used. 

Focusing  parallel  light,  a  spherical  mirror  has  a  geomet¬ 
ric  abberation  of 


A  1  * 

im' 


(8) 


where  Ax  is  the  minimum  disc  diameter  and  x  the  offset 
from  the  axis  of  the  light  (in  this  case  the  diameter  D  = 
2z).  In  a  one-to-one  imaging  situation  with  a  tilted  mirror 
astigmatism  occurs; 


Ax  = 


Dx^ 

(2/)2- 


(9) 


An  off-axis  parabolic  mirror  avoids  all  of  these"  above  ab¬ 
berations  and  has  been  chosen  for  this  reason.  It  has  been 
observed,  that  these  mirrors  have  to  be  aligned  carefully 
to  avoid  coma; 

A  _2D2ar 
^®“(2/)2' 

Here  x  is  the  offset  of  the  focus  point  from  the  axis. 


3  Experimental  Results 

The  first  experimental  results  with  a  beam  on  the  screens 
have  shown  their  usefulness  in  getting  a  visual  colored  pic¬ 
ture  of  the  beam.  Fig.  2  shows,  for  instamce,  a  beam  with 
a  huge  Wakefield  tail.  Steering  the  beann.11at  to  the  axis  of 
the  linac  decreases  the  tail  by  a  large  amount.  But  at  high 
currents,  even  with  a  well  steered  linac,  tails  are  present. 
These  can  be  decreased  by  introducing  betatron  oscilla¬ 
tions  with  a  certain  phase  and  amplitude,  so  that  no  tails 
are  visible  on  the  screens. 


Figure  2;  Beam  with  a  Wakefield  Tail. 

The  (normally  colored)  picture  gives  a  two-dimensional 
projection  of  the  beam  distribution.  Contour  lines  help  the 
black  and  white  visibility. 


4  Conclusion 

A  real  radiation  hard  system  has  been  achieved  by  mov¬ 
ing  the  cameras  far  away  and  carefully  designing  the  light 
path  to  get  the  desired  resolution.  The  overall  resolution 
is  further  limited  by  the  screen  thickness  and  the  camera 
resolution  to  about  50 /rm. 
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BEAM  EMITTANCE  MEASUREMENT  TECHNIQUE 

FOR  PLS-IM-T  LINAC* 

Y.  X.  Luo^  W.  Namkung  ,  C.  Ryu ,  I.  S.  Ko 
Pohang  Accelerator  Laboratory/POSTECH 
Pohang,  Korea  760-600 


Abapaet 

The  PLS  60  MeV  iiijector  (PLS-IM-T)  for  the  2.GeV 
linac  ii  expkted  to  be  commiuioned  by  the  end  of  1991. 
A  limple  technique  hM  been  developed  for  the  beun  emit- 
tuce  meuorement,  which  employs  the  bending  msgnet 
and  the  quardrupole  msgnets  in  the  beam  transport  sys¬ 
tem.  By  varying  the  quadrupole  strength,  one  can  simuka* 
neoiisly  determine  the  horisontal  and  vertical  emittances, 
and  the  momentum  spread  of  the  beam. 


n.  Theory 

It  is  taken  that  s  is  the  direction  of  the  beam  transport, 
z  and  y  are  the  horizontal  and  vertical  coordinates  respec¬ 
tively.  It  is  also  assumed  that  the  quadruple  is  focusing 
in  the  z  direction  and  defocusing  in  the  y  direction,  and 
the  bending  magnet  will  bend  the  beam  in  the  z  direc¬ 
tion.  The  beam  matrix  at  the  entrance  of  the  quadruple 
is  defined  as  which  is  di^bed  biy  the  super-ellipsoid 
equation  as  follows: 


I.  Introduction 


The  PLS-IM-T,^ an  injector  of  the  PLS  2.0  Gev  linac, 
will  be  commissioned  by  the  end  of  1991.  In  the  PLS-IM- 
T,  there  will  be  no  scintillation  target  in  the  beam  line 
which  can  be  used  for  emittance  measurement.  Thus,  the 
measurement  of  the  beam  emittance  will  be  performed  at 
the  beam  eheii;/  analysing  station,  differently  from  the 
ordinary  method  .  The  layout  is  illustrated  in  Fig.  1. 


camera 


(1) 

s 

where 


S 


z*  =  dz/dz,  y*  —  dy/dz,  6  is  the  half  width  of  the 
beam,  and  Oo  is  symmetric,  t.e. 

J  =  1, 2, . . . ,  6. 


Then,  the  beam  matrix  will  satisfy  the  following  fomula 
at  the  scintillator  in  the  beam  analysing  station. 


Fig.l  Layout  of  the  beam  analyzing  station 


<x  =  (2) 


*Thii  project  is  supported  by  POSCO  and  MOST,  KOREA, 
^permanent  addreat:  IHEP,  Beijing,  PRC. 


where  R  is  the  total  transfer  matrix  from  the  quadruple 
to  the  scintillator. 

Expression  for  R  is: 
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At  the  Kiatillator,  one  cu  get  a  graph  as  shown  in  Fig.. 
2,  from  which  it  is  easy  to  get  the  HWHM  of  the  beam,  Ax 
and  As  well  known,  the  HWHM  is  related  to  the  beam 
matrix  by  Ax  =  and  6y  =  y/csi  .  If  the  quadruple 
strength  is  changed  four  times,  one  can  get  four  graphs 
and  therefore  four  different  Ax  and  Ap. 

From,  (2),  it  can  be  derived  that 

=  ■Hii<^oii  +  2RiiRi2crti2  +  Hia^osa 

(4) 

<^93  =  i^3ffo33  +  iRtaRtiffiU  +  (5) 

(Tea  s=  (Toee*  {®) 


Y 


particle  number 


X 


From  (3),  one  can  get 


cos(ikJii)(cosa  *-  •—sino)  -  ibsin(^£i)  x 
(Xa  +  iajcoso- ^~sina-fpsihoj ,  (7) 
^  cos(Jb£i)(cos  o  -  —  sin  o)  "f  cos(k£i)  x 

*  p 

(Za-f  iajcosa- ^^^sina-f  psinoj  ,  (8) 

p(l-coso)  +  L9sina,  (9) 

cosh(k£i)  +  ksinh(k£i)(i^  +  Is  +  pa),  (10) 

^  sinh(kli)  +  cosh(ibIi)(Ia  +  Is  -f  pa).  (11) 


m.  Beam  emittance  measuring  method 
for  PLS-IM-T 


Values  of  Eqs.  (7)  through  (11)  will  be  changed  as 
the  quadruple  strength  varies.  In  the  case  of  PLS>IM*T, 
Ii  =  0,2m,  la  =  1.14m,  Is  =  1.36m.  p  =  0.52m  a  = 
0.418  rad,  and  k  =  24.245y/Gf2w\  w  =  60  MeV,  where 
G  is  the  field  gradient  of  the  quadruple. 

Substituting  four  Ax’s  into  (4)  and  solving  the  equation 
set,  one  can  get  (Ton,  <foi2i  <^o22>  <^otti  wd  thus  the  hor- 
ixontal  emittance 

Sz  =  \Ja-z,nao22^o}i2  {Krn.rad),  (12) 


Fig.2  beam  profile  at  the  scintillator 
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and  the  beam  momentum  spread 

Mp  ==  ±\/5o66.  (13) 

Using  the  same  procedure  for  Eq.  (5),  it  is  possible  to 
get  the  vertical  emittance  from  the  three  ^  values. 

Ordinarily,  measurmg  the  beam  momentum  spread  by 
means  of  measuring  of  the  beam  at  the  analysing  sta¬ 
tion  always  includes  the  contribution  of  either  the  beam 


dimension  or  divagence  at  the  focusing  point.  However,  it 
is  noticeable  that  the  Eq.  (13)  has  an  expression  of  a  pure 
beam  momentum  spread. 

References 

[1]  K.  L.  Brown,  et  al.,  IVansport.  SLAC-91,  Rev.  2, 
UC.28(1/A). 


1197 


A  CARBON  JET  BEAM  PROFILE  MONITOR  FOR  LEAR 

R.  Galiana,  D.  Mang]unki  and  C.  Mazeline 
PS  Division,  CERN,  CH-121 1  Geneva  23 


Abstract 

CERN's  Low  Energy  Antiproton  Ring  LEAR  is  now 
equipped  with  a  non-destructive  beam  profile  monitor.  A 
pulsed  carbon  jet  of  0.8  ms  is  used  to  minimize  the  dismption 
of  the  low  energy  beam.  The  jet  is  produced  by  a  laser  beam 
impinging  on  a  solid  carbon  target.  The  atomic  jet  is 
collimated  to  form  a  thin  curtain,  which  traverses  the  coasting 
antiproton  beam.  The  electrons  produced  by  the  ionization  of 
the  jet  are  accelerated  by  electrodes  before  they  hit  a 
phosphorous  screen.  The  image  of  the  profile  is  acquired  by  a 
CCD  camera  and  digitized  for  display  on  a  workstation.  This 
paper  describes  the  techniques  used,  from  generation  of  the 
carbon  jet,  to  the  analysis  of  the  digitized  image.  Preliminary 
results  and  future  improvements  are  discussed. 

I.  INTRODUCTION 

The  LEAR  machine  [1]  needed  a  non-destructive  beam 
profile  monitor  principally  for  measuring  the  evolution  of  the 
beam  size  in  the  presence  of  electron  cooling  [2]  and  for 
monitoring  the  size  of  the  beam  in  its  interaction  with  an 
internal  gas  jet  target[3].  Operations  required  the  device  to  be 
able  to  operate  with  a  beam  Intensity  ranging  from  10^  to 
10^  ^  particles  haying  an  energy  in  the  range  of  2  MeV  to  1.3 
GeV.  It  has  been  decided  to  adapt  a  gas  curtain  scheme  already 
used  in  the  Intersecting  Storage  Rings  [4],  where  a  continuous 
sodium  curtain  was  used.  Due  to  the  small  circumference  of 
LEAR,  and  the  low  energy  of  its  beams,  a  pulsed  curtain  was 
designed  to  avoid  emittance  blow-up  induced  by  the  device.  A 
carbon  jet  of  0.8ms  pulse  length,  produced  by  a  LASER  beam 
impinging  on  a  solid  carbon  target  is  collimated  to  form  a 
thin  curtain  inclined  at  45®  with  the  vertical.  The  carbon  atoms 
arc  ionized  by  the  coasting  beam.  The  distribution  of  the 
electrons  produced  by  the  ionization  provideo  a  measurement 
of  the  beam  distribution. 

II.  DESCRIPTION  OF  THE  APPARATUS 

A  schematic  can  be  found  on  Fig.  1. 

A.  Generation  of  the  carbon  jet. 

We  use  a  1064nm  YAG  laser,  delivering  a  800  ps  pulse  of 
maximum  energy  25J,  with  a  maximum  repetition  rate  of 
0.5Hz  to  generate  the  carbon  jet.  The  solid  carbon  target  has 
the  shape  of  the  segment  of  a  sphere.  Stepping  motors  allow 
the  target  to  be  rotated  about  the  centre  of  the  sphere,  thus 
letting  the  laser  hit  a  different  point.  Each  laser  pulse  drills  a 
crater  into  the  target.  The  latter  is  repositioned  for  the  next 
shot,  thus  forming  a  honeycomb  pattern.  About  30%  of  the 
evaporated  carbon  (0.6mg)  forms  a  5000m/s  atomic  jet.  This 


Fig,  1 :  Schematic  of  the  apparatus 

jet  then  traverses  a  scries  of  three  (two  fixed  and  one  adjustable 
between  1  and  5  mm)  collimators  to  form  the  thir  curtain 
which  is  ionized  by  the  antiproton  beam  in  the  in  .faction 
chambcr.(5) 

B.  Accelerating  electrodes 

The  electrons  produced  in  the  ionization  of  the  jet  by  the 
antiproton  beam  are  accelerated  by  two  chemically  polished 
titanium  plates.  The  purity  of  the  titanium  (>98.5%)  plays  an 
important  role  to  avoid  cold  emission  phenomena.  Each  plate 
has  its  own  high  voltage  power  supply,  thus  allowing  few 
flexibility  in  the  configuration  of  the  field.  Typically,  the  field 
ranges  from  1  to  2  kV/cm,  over  a  distance  of  15  cm,  yielding 
15-30  keV  electrons. 

C.  Light  collection  and  amplification 

After  traversing  a  0.1  ^m  thick  aluminium  coating  which 
serves  as  a  grounded  elccuode,  the  electrons  hit  a  phosphor 
(P20)  coated  fiber-optics  window  (90mm  diameter).  The 
emerging  light  is  then  guided  through  a  fiber  optics  taper 
which  reduces  the  image  to  a  diameter  of  25mm  and  feeds  it 
into  a  light  amplifier  followed  by  a  625-line  CCD  camera 
which  delivers  a  standard  video  signal  (Fig.  2).  For  10^ 
antiproion'  at  309MeV/c,  10^  eippirons  are  collected,  yielding 
2x10^  photons  in  the  phosphorous  ^fCCn  f6], 
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D.  image  acquisition 


G.  Vacuum  system 


the  video  signal  is  digitized  in  a  CAMAC  digitizer  module 
[7]  which  is  triggered  from  the  laser  pulse  and  holds  the  image 
in  a  312x512  pixels  format.  The  digitizer  contents  are  read 
using  control  system  routines  [8],  and  the  information  on  the 
profiles  are  computed  on-line  in  the  LEAR  consoles  (VAX 
workstations),  the  profiles  can  also  be  analysed  by  observing 
the  video  signal  on  an  oscilloscope:  a  fast  sweep  (100  ps) 
representing  one  raster  line  gives  the  horizontal  profile,  while 
a  slow  sweep  (20ms)  of  the  full  image  gives  the  vertical 
profile. 


TaiiOiim  C4ev«««t 
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Fig.  2 :  Profile  production  and  acquisition 
E.  Controls 

The  local  controls  arc  entirely  done  in  an  HP6942A 
multiprogrammer  crate,  which  communicates  with  an  HP85 
computer  situated  in  the  control  room  through  a  HP1B/RS232 
link. 


In  order  not  to  perturb  the  ultra-high  vacuum  (<10'^^  Torr) 
of  the  LEAR  machine,  a  differential  pumping  scheme  has 
been  implemented.  The  collimators  act  as  conductance 
limitations  between  the  different  device  volumes.  Table  1 
shows  the  vacuum  parameters.  [10] 


Table  1 :  Vacuum  parameters 


Volume 

Pumping  system 

Design 

Pressure 

(Torr) 

^S5KIi5SSill!Si 

4x10-'' 

Carbon 

production  tank 

-  Cryogenic  (3000 1/s) 

-  Turbomolccular  (500 1/s) 

(in  scries  with  rotating 
primary) 

10-8 

Fixed  collimator 
tank 

-  Ti  sublimator  (800 1/s) 

-  Ionic  pump  (50 1/s) 

-  Non  evaporable  Getter 
(1000 1/s) 

2x10-^° 

Adjustable 
collimator  tank 

-  Ti  sublimator  (1000 1/s) 

-  Ionic  pump  (50 1/s) 

10-" 

Interaction 

chamber 

-  Ionic  pump  (60 1/s) 

-  Ti  sublimator  (1200 1/s) 

im 

III.  PERTURBATION  ON  THE  BEAM 

A.  Vacuum  effects 

The  1ms  carbon  jet  has  a  local  pressure  of  10'^  Torr  over  a 
distance  of  1  to  5  mm.  The  design  pressure  of  LEAR  is  lO'^^ 
Torr  (N2  equivalent  for  scattering)  and  its  circumference  is 
78m.  Thus  one  gets  an  average  increase  of  the  residual  gas 
pressure  by  30%,  assuming  one  measure  per  2  seconds  (the 
maximum  rate  at  which  the  device  can  operate).  Calculation 
shows  that  the  emiitance  blow-up  during  a  continuous 
measurement  process  is  less  than  10%  of  the  one  induced  by 
scattering  on  the  residual  gas  [11].  Indeed,  no  emiuance  blow¬ 
up  could  be  detected  on  the  Schottky  scans  during  the  first 
experiments. 


F.  Operation  mode 


B.  Electrostatic  effects 


The  laser  pulse  is  synchronized  with  the  video  signal  of  the 
camera,  and  triggers  the  digitizer.  In  addition,  to  prevent 
carbon  atoms  polluting  the  optical  window  through  which  the 
laser  beam  enters  the  tank,  the  optical  flange  is  in  the  region 
of  a  relatively  high  pressure  (4x10'^  Torr)  during  operation. 
As  t/i\c  vacuum  conductance  has  to  be  kept  very  low  by  using 
a  conical  tube  between  the  flange  and  the  tank,  a  gas  injection 
into  the  tank  takes  place  at  a  rate  of  3x10*5  j,as  to  be 
compensated  by  a  strong  pumping  scheme  (described  below).In 
these  conditions,  the  optical  window  has  to  be  renewed  every 
1000  impulsions.  This  is  achieved  by  the  rotation  of  a  glass 
disc  which  allows  70  renewals  in  situ  of  the  transparent 
surface  [9]. 


The  vertical  electric  field  used  to  accelerate  the  electrons 
gives  a  2  mrad  vertical  kick  on  a  105MeV/c  antiproton  beam, 
which  needs  to  be  compensated.  Compensation  electrodes  arc 
therefore  installed  on  both  sides  of  the  device,  each  with  its 
own  high  voltage  ip^wcr  supply.  In  addition  to  the  dipolar 
perturbation  of  tfric  accelerating  plates,  the  finite  width  of  the 
plates  creates  a  quadrupolar  effect  which  led  to  a  detuning  of 
the  betatron  frequcocies  in  the  early  days  of  operations  with 
the  device,  U  has  been  shown  to  be  proportion!  to  the  value 
of  the  elccuical  potential  bolwcen  the  two  main  and  the 
auxiliary  plates  [12]^  so  it  could  be  cured  with  an  appropriate 
adjusunent  of  the  various  potentials. 
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IV.  RESULTS 

A,  Problem  encountered 

A  parasitic  spot  has  been  observed,  which  shows  up  even 
in  the  absence  of  the  antiproton  beam.  Though  the  direct  cause 
has  not  been  found,  evidence  shows  it  is  due  to  self-ionization 
of  the  carbon  jet  in  the  electric  field.  The  brightest  part  of  this 
spurious  image  was  moved  out  of  the  area  of  interest  with  a 
careful  adjusuneht  of  the  electrical'potentials.  The  remaining 
halo  is  first  acquired  without  antiproton  beam  for  calibration, 
then  substracted  by  software  from  the  beam  image.  More 
investigations  are  t^ing  place  in  order  to  understand  •  and 
hopefully  eliminate  -  this  phenomenon,  which  makes  difficult 
the  observation  of  very  low  density  profiles. 


B.  Profile  measurements 


Fig.  4 :  Horizontal  and  vertical  beam  profiles.  The  scales 
are  expressed  in  centimeters. 


Fig  3  shows  a  digitized  picture  of  the  image,  as  it  is 
displayed  on  the  workstations.  Fig  4  shows  the  beam  profiles 
cxu^cted  from  this  image. 

V.  PROPOSED  IMPROVEMENTS 

A.  Helmholtz  coils 

In  order  to  improve  the  sensitivity  by  better  guidance  of 
the  electrons,  Helmholtz  coils  have  been  designed.  The 
sensitivity  should  increase  from  2  mm  to  0.7  mm  with  a 
field  of  300  Gauss  [13]. 

B.  Controls 

For  the  moment,  the  device  is  routinely  operated  using  a 
stand-alone  micro-computcr.It  is  desirable  to  integrate  it  into 
the  LEAR  control  system,  and  to  convert  the  controls  to 
operate  from  the  VAX  workstations. 

C .  Software 

For  full  operationality,  more  sophisticated  image  process¬ 
ing  is  needed.  Very  good  quality  commercial  software  is 
available,  which  can  be  used  to  fulfill  our  needs  for  true 
image  reconstruction,  substruction,  contour  definition,  etc. 

VI  CONCLUSION 

LEAR’S  carbon  jet  beam  profile  monitor,  which  is  now 
entering  its  operational  stage,  promises  efficient  emittance 
controls  during  normal  runs  and  for  machine  developments, 
but  more  time  is  needed  to  improve  and  understand  this 
complex  but  beautiful  device, 
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ABSTRACT* 

The  SLC  wire  scanner  be^. profile  monitors  provide 
accurate  beam  size  and  emittance  measurements  for  each  bunch 
in  the  three  bunch  SLC  beam.  The  beam  size  measurement 
error  for  typical  SOGeV  SLC  linac  beams  (100pm  0(x,y))  ‘S 
better  than  Spm.  Beam  profile  measurements  can  be  performed 
throughout  much  of  the  SLC  with  no  interruption  to  normal 
machine  qieration  and  no  adverse  impact  on  interaction  region 
detector  backgrounds.  The  linac  input  and  output  emittance  is 
determined  using  sets  of  four  scanners  spaced  by  ~45*  betatron 
ph^  advance.  Each  scanner  contains  three  wires,  x,  y  and  u 
(45*),  from  which  an  estimate  of  the  x  •  y  coupling  can  be 
obtained.  Advanced  high  level  control  software  allows  the  use 
of  wire  scanner  data  in  feedback  and  beam  optimization 
procedures.  Non>invasivc  scans  are  performed  almost 
continually  and  the  results  are  logged  so  that  long  term  trends 
in  emittance  can  be  examined.  In  this  paper  we  describe  the 
design,  construction,  peiformance  and  uses  of  SLC  wire 
scanners. 

INTRODUCTION 

Measurements  of  the  beam  size  and  associated  optical 
parameters  arc  key  to  SLC.  In  the  past  progress  has  been 
slowed  by  our  inability  to  measure  beam  size  accurately  in  a 


Figure  1:  SLC  wire  scanner  wire  support  card  viewed  in  the 
beam  direction.  The  uanslation  stage  and  vacuum  chamber  are 
not  shown. 

In  this  paper  we  describe  the  design,  construction, 
commissioning  and  ultimate  uses  of  wire  scanners  in  the  SLC, 
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focusing  on  the  linac  and  upstream  systems  scanners.  Of 
particular  interest  is  the  interaction  between  the  wire  and  the 
scattered  radiation  from  the  wire  with  the  cxU'cme  electric  field 
of  the  beam.  As  this  field  reaches  the  level  of  several 
volts/angstrom,  as  it  does  easily  at  the  SLC  interaction  point 
(and  may  in  upsU’cam  parts  of  SLC),  field  emission  from  the 
wire  may  occur. 

A  key  feature  of  SLC  operation  is  the  degree  of  high  level 
active  control  required  to  keep  it  optimized.  The  high  level  of 
demand  takes  the  instrument  out  of  the  category  of  a  device 
primarily  used  for  machine  development  or  failure  diagnosis 
purposes  and  elevates  it  to  an  online  device. 

Feedback  requires  a  fast,  non-invasivc  (or  minimal  impact) 
device  which  in  turn  means  that  the  wire,  not  the  beam,  must 
be  moved  during  the  scan.  The  speed,  range,  vibration  and 
other  mechanical  specifications  can  be  generated  from  this 
requirement  and  from  the  expected  beam  sizes  and  rates.  Table 
1  shows  the  expected  performance  of  the  scanners. 

Mechanical 

The  mechanical  design  effort  addressed  the  following 
problems:  1)  wire  and  wire  retention,  2)  vibration  over  the 
large  speed  range  and  3)  positioning  errors  and  position 
transducers.  A  particular  concern  was  radiation  damage. 

A  schematic  diagram  of  the  scanner  is  shown  in  figure  1. 
Several  labs  have  built  scanners  of  a  similar  design  L23.  The 
wire  is  suaing  around  l.Smm  stainless  steel  studs  set  in  a 
3/16in  thick  alumina  fork  in  such  a  way  so  that  it  can  carry 
wires  of  three  different  orientations  across  the  beam  and 
provide  x,  y  and  u  (45‘)  scans.  The  carriage  motion  is  actuated 
by  a  stepping  motor  through  a  2mm  pitch  ball  screw,  chosen 
because  of  the  expected  large  number  of  cycles.  Some 
difficulty  was  experienced  obtaining  the  small  pitch,  high 
quality  ball  screw  with  no  plastic  parts.  A  12Spm  thick 
stainless  steel  vacuum  window  opposite  the  wire  allows  low 
energy  wide  angle  scattered  radiation  to  emerge  from  the 
vacuum  chamber. 

Both  the  cantilever  nature  of  the  wire  support  and  the 
stepping  motor  contribute  to  wire  vibration.  We  have  used  a 
piezo-  electric  accelerometer  to  quantify  the  motor  related 
system  vibration. 

The  wire  chosen  for  tlie  scanner  was  gold  plated  tungsten 
with  a  diameter  of  0.3  obcam-  The  wire  has  an  effective  'o'  of 
radius/2  which,  when  added  in  quadrature  to  the  beam  size, 
causes  a  3%  apparent  increase  when  obcam  “  wire  diameter. 
Under  normal  conditions  the  wire  size  can  be  subtracted  in 
quadrature  from  the  measured  size. 

At  full  SLC  currents  and  rates,  the  beam  can  heat  the  wire 
substantially  reaching  a  steady  state  temperature  of  lOOO'C.  In 
the  fast  scan  mode,  the  wire  is  subjected  to  continuous  beam 
for  no  more  than  a  few  seconds.  However,  the  wire  may  be 
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parked  in  the  beam  in  enx>r  or  for  diagnostic  purposes  and  must 
be  able  to  withstand  continuous  beam.  By  measuring  the 
increa^  in  resistance  of  the  wire  assembly  an  estimate  of  the 
wire  teihixjrature  rise  can  be  made.  Resistance  tests  show  good 
agreement  with  a  calculated  rise  of  about  4*  Cruise. 


Table  1:  Wire  scanner  performance  specifications. 


Beam  size  resolution  . 

<3%  a  (»  3  •  10  um) 

Systematic  error 

<3%  a  (=  3  - 10  um) 

Emittance  (e)  error  , 

10%  (forYE“3  X  10'5  m-fad) 

Dynamic  range 

10^  - 10^^  particles/pulsc 

Vibration 

Peak  amplitude  <  0.2a 

Relative  positioning 

20!im 

Speed  and  acceleration 

Icm/s  max 

0.3mm/s  min:  0.2m/s2  accel. 

Multibunch  operation 

<5%  signal  contamination  from 
nearbv  bunch  (60ns) 

Radiation  resistant 

lOMrad/vcar 

Lifetime 

100,000  cvcles/vear 

As  the  wire  is  scanned  through  the  beam  its  position  is  not 
encoded  on  each  successive  beam  pulse,  rather  the  current 
position  of  the  wire  is  inferred  from  a  check  of  the  remaining 
step  count.  A  position  measurement  using  a  radiation  hard 
LVDT  (linear  differential  transformer)  is  done  at  the  limits  of 
the  scan  to  check  that  the  expected  position  was  reached. 

CONTROLS 

A  scan  consists  of  three  steps:  1)  move  from  PARK  (near, 
but  not  in,  any  of  the  beams)  to  the  start  of  scan  at  maximum 
speed,  2)  scan  at  the  speed  corresponding  to  the  desired  inter¬ 
point  spacing  and  beam  rate  and  3)  return  to  PARK  at  full 
speed.  Only  brief  pauses,  to  allow  the  device  to  come  to  a 
complete  stop,  occur  during  the  scan  sequence.  During 
multiwire  emittance  or  skew  scans,  the  wire  moves  to  the  next 
appropriate  PARK.  An  important  feature  of  this  scheme  is  the 
use  of  machine  wide  data  acquisition  codes  which  coordinate 
the  leadback  of  the  scanner  step  count  and  the  signals  from  the 
wire  scanner  detector  and  therefore  allow  a  great  deal  of 
flexibility  in  the  choice  of  detector  including,  for  example,  the 
use  of  detectors  several  miles  away. 

Because  the  scanners  arc  to  be  used  for  feedback,  the 
application  software  that  controls  them  must  have 
sophisticated  exception  handling,  error  logging  and  status 
reporting.  The  control  system  software  built  around  these 
devices  allows  use  of  the  wire  scanner  at  several  levels.  The 
lowest  is  the  single  scan  and  associated  single  pulse  detector 
signal  readout.  I'his  information  allows  checking  the  fit 
quality,  scan  ranges  and  other  details.  At  the  next  level  higher, 
the  fit  results  can  be  used  in  tlic  SLC  control  system 
correlation  plot  utility'*.  This  extremely  powerful  tool, 
allowing  the  acquisition  of  scan  data  with  other  beam 
diagnostic  data  and  machine  parameters,  has  been  invaluable 
for  commissioning  the  scanners.  All  aspects  of  the  gaussian  fit 
to  the  scan  data  are  available  and  are  automatically  acquired  as 
an  upstream  device  setting  is  controlled  in  aprogrammed  way. 


Most  automated  optimization  procedures  are  built  around  this 
facility.  The  next  level  of  software  does  multiple  scans  and 
accumulates  these  results  in  the  correlation  plot  utility.  This 
includes  four  wire  emittance  scan  results  and  skew  scan  results. 
Finally,  feedback  can  perform  the  scans  as  a  background  task 
and  implement  the  desired  corrections. 

Signal  DETECTOR 

The  purpose  of  the  wire  signal  detector  is  to  indicate  the 
amount  of  charge  striking  the  wire.  Secondary  emission  and 
f6r>vard  scattering,  used  in  many  wire  scanner  systems,  are 
often  not  practical  at  the  SLC.  The  first  because  of  problems 
discussed  below  and  the  second  because  of  the  very  different 
beam  line  areas  in  which  these  devices  have  to  operate.  The 
most  difficult  region  is  just  upstream  of  a  high  power 
collimator  system.  Radiation  scattered  by  the  wire  in  the 
forward  direction  is  completely  overwhelm^  by  the  scattering 
from  the  collimator  jaws  thus  making  the  use  of  small  angle 
scattered  radiation  impossible. 

When  the  SLC  interaction  point  (IP)  wire  scanners^  were 
first  tested  it  was  found  that  the  secondary  emission  signal 
would  increase  dramatically  when  cither  the  beam  intensity 
exceeded  about  5  x  10^  or  the  abeam  <  10pm.  The  onset  of 
this  dramatic  increase  is  indicated  by  a  very  unstable  signal.  In 
the  SLC  linac,  where  the  beam  sizes  are  about  100pm,  a  beam 
intensity  of  about  2.5  x  10*®  is  required.  This  effect  appears  to 
be  field  emission  induced  by  the  field  of  the  beam  which  peaks 
at  about  20V/A. 

Because  of  these  problems,  tests  were  made  to  determine  if 
a  significant  sign.^J  was  present  at  90*  to  the  beam  direction, 
directly  opposite  the  wire  support  card.  A  strong,  very  low 
energy  electron  signal  was  seen  in  a  bare  photomultiplier 
(PMT)  placed  about  30cm  from  the  wire.  A  thin  window  is 
required  so  that  this  scattered  radiation  is  not  absorbed  by  the 
vacuum  chamber  wall.  Substantial  shielding  (±50  radiation 
lerj-ths)  is  required  in  some  locations  to  protect  the  PMTs 
from  background  generated  by  upstream  beam  losses.  In 
regions  where  no  collimators  follow  the  scanners,  small  angle 
scattering  monitors  have  been  placed  about  10m  downstream 
to  use  for  comparison  with  the  PMT. 

The  detector  linearity  must  be  belter  than  a  few  percent.  A 
moderate  gain,  excellent  linearity  tube  was  chosen.  In  order  to 
cross  check  PMT  performance  small  fast  ion  chambers  were 
built  and  installed  downstream  of  some  scanners^.  The 
linearity  of  the  ADC  is  also  very  important. 

PERFORMANCE  AND  CONCLUSIONS 

Performance  tests  have  focused  on  understanding  systematic 
errors.  These  tests  fall  into  two  broad  categories:  1)  tests  made 
by  varying  beam  size  and  /  or  intensity  and  2)  tests  made  with 
different  detectors  sensing  scattered  radiation  from  a  single 
wire.  Figure  3  shows  the  beam  emittance  measured  using 
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Figure  2;  A  typical  single  wire  scan.  The  data  are  fit  with  a 
gaussian  wiA  an  offset. 

quadrupole  wans^  on  three  different  scanners  and  multiwirc 
scans  at  1  GeV  and  4.S  x  10^^  cVpulsc,  near  the  SLC  nominal 
operating  intensity.  This  is  a  go^  test  of  saturation  effects 
since  the  beam  sizes  and  signal  strengths  vary  considerably 
over  the  scan  range  and  from  scanner  to  scanner.  These  tests 
were  done  using  the  downstream  fast  ion  chamber. 

The  SLC  wire  scanners  provide  beam  emittance  data  that  is 
reliable  enough  to  have  already  yielded  new  insights  into  the 
performance  of  the  SLC.  By  late  1991, 32  scanners  will  be  in 
use  (figure  4).  Future  linear  colliders  will  have  a  tighter 
emittance  budget  and  will  require  improved  resolution 
scanners.  Piezo-electric  motors,  with  their  very  small  step  size 
and  ultra-high  vacuum 


Figure  3;  Comparison  of  emittance  measurements  made 
with:  multi  wire  (a)  and  quadrupole  scans  (b-d)  using  different 
quadrupole  magnet  /  wire  scanner  combinations.  The  results 
are  in  good  agteement. 


compatibility,  may  prove  to  be  an  appropriate  technology  for 
future  wire  scanners.  Two  such  scanners  are  installed  for  use  at 
the  SLC  IP. 
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Figure  4:  SLC  schematic  showing  the  locations  of  wire  scanners.  Wire  scanners  are  used  for  emittance  (e),  energy  spread  (AE/E) 
and  special  purpose  functions  in  the  final  focus. 
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Abstract 


II.  Experiments 


Measurements  of  the  emittance  of  the 
Boeing  FEL  accelerator  operating  at  107  Mev, 
were  performed  using  optical  transition 
radiation  (OTR).  The  results  of  the  three 
measurement-methods:  measurement  of  beam 
spot  size  as  a  function  of  magnetic  quadrupole 
focusing  strength,  two  screen  beam  spot 
measurements,  and  beam  spot  -  divergence 
measurements  using  a  OTR  interferometer  are 
compared  and  shown  to  be  in  excellent 
agreement, 

I.  Introduction 

OTR  techniques  have  proven  to  be  very 
useful  to  diagnose  electron  beam  spatial 
profiles,  position,  divergence,  energy  and 
emittance.  In  early  publications  we  have 
described  the  advantages  of  employing  OTR 
techniques  to  characterise  the  properties  of  the 
Boeing  110  Mev  accelerator,  which  is  used  to 
drive  a  visible  free  electron  laser  (FEL).^  OTR 
has  been  shown  to  provide  increas^  spatial  and 
temporal  resolution  in  the  measurement  of  beam 
size,  and  position  when  compared  to  fused 
silica  and  phospor  screens  previously  used  to 
characterise  the  beam  in  the  accelerator  and  in 
the  wiggler.  As  a  result,  OTR  foils  have  now 
replacoi  the  fused  silica  and  phosphor  screens 
at  both  the  Boeing  and  LANL  HIBAF  FEL 
accelerators.'^’^ 


The  experimental  setup  for  OTR 
measurements  at  both  Boeing  and  LANL  is 
shown  in  Figure  1.  and  discussed  in  ref.6.  The 
The  arrangement  provides  for  an  upstream 
station  where  a  single  foil  maybe  remotely 
placed  in  the  electron  beam  path,  and  a 
downstream  station  housing  a  two  position 
actuator  to  access  either  a  single  OTR  foil,  or  a 
two  foil  OTR  Wartski  interferometer.  ^  Using 
these  two  stations,  which  are  separated  by  2.2 
meters,  quadrupole  scans,  simultaneous  beam 
spot  measurements  and  beam  spot-divergence 
measurements  can  be  made.  The  apparatus  is 
located  is  a  straight  section  (A  leg)  of  the 
Boeing  accelerator . 

Figure  1.  shows  the  plane  of  incidence 
or  horizontal  plane,  which  contains  the  electron 
beam  velocity  vector  (in  the  +  z  direction)  and 
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Figure  1.  Experimental  Arrangement 
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the  X  direction  which  is  perpendicular  to  z  and 
parallel  to  the  surface  of  the  earth.  The  y  direc¬ 
tion  is  perpendicular  to  the  plane  of  incidence. 
(y,z),  then,  refers. to  the  vertical  plane. 

To  make  a  quadrupole  scan  measure¬ 
ment,  the  beam  is  focused  on  the  OTR  foil  at  the 
upstream  station.  The  field  strength  of  magnetic 
quadrupole  lenses  upstream  of  this  foil,  which 
control  focusing  in  either  the  x  of  y  directions 
are  then  varied,  and  the  OTR  beam  image  at 
each  field  strength  is  captured  and  recorded. 

In  the  two  screen  measurement,  the 
beam  spot  images  at  the  upstream  and 
downstream  single  OTR  foils  are  captured 
simultaneously.  In  this  method  the  beam  is 
focused  with  the  quadrupole  lenses  to  effect  a 
minimum  beam  spot  radius  in  either  the  x,z  or 
y,z  planes. 

Finally  the  beamspot-divergence 
measurement  is  made  at  the  downstream  station. 
The  single  foil,  which  consists  of  a  diamond 
machined  A1  mirror,  is  us“d  to  produce  the 
beam  spot  image.  The  beam  is  focused  here  to 
achieve  either  an  x  or  y  minimum  radius.  The 
The  divergence  is  measured  using  an  OTR 
interferometer,  which  consists  of  two  parallel 
foils:  the  mirror,  and  a  thin  (0.7  micron)  A1  foil 
separated  by  2.5  cm.  A  detail  of  the 
interferometer  is  given  in  Figure  2.  Standard 
optical  polarizers  and  filters  are  used  to  obtain 
horizontally  or  vertically  polarized  OTR 
interferograms,  from  which  either  the  x  or  y 
beam  divergence  can  be  obtained.2'5 


I 

I 
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Figure  2.  Detail  of  the  OTR  Interferometer 


Intensified  CID  cameras  with  RS  170 
ouputs  are  used  at  both  stations  to  obtain  beam 
images  and  interferograms. 

III.  Results  and  Discussion 

In  these  experiments  the  accelerator 
was  not  tuned  for  optimum  beam  transport. 

The  horizontal  plane  emittance  measured 
from  the  single  foil  quadrupole  scan  yields  an  x 
edge  emittance  value  of  158^24  mm-mrad.  The 
two  foil  method  measurement  produces  an  x 
emittance  of  167  ±25  mm-mrad. 

Figure  3  shows  three  line  scans  of 
horizontally  polarized  OTR  interferograms 
obtained  when  the  beam  is  focused  to  a 
minimum  x  diameter.  The  solid  line  represent 
the  data,  the  dotted  lines  theory.  The  best 
overall  fit  is  obtained  using  a  beam  energy  of 
106.8  Mev  and  an  x  divergence  of  0.3 
milliradians.  The  beam  energy  spread  as 
determined  by  the  PARMELA  code  is  less  than 
5%  and  does  not  significantly  affect  the  fringe 
visibility  for  this  experiment,  which  is 
dominated  by  the  effect  of  beam  divergence. 
However,  the  Figure  demonstrates  that  it  is  not 
possible  to  simultaneously  fit  all  the  data 
fringes  by  using  a  single  divergence  value.  This 
is  most  likely  caused  by  the  fact  that  the  beam  is 
not  precisely  focused  to  a  waist  position  at  the 
site  of  the  OTR  interferometer.  The  resulting 
angular  beam  distribution  cannot  be  represented 
by  a  single  Gaussian  function  in  x  or  y,  which 
is  the  assumption  of  the  theory. 

The  rms  x,y  emittances  of  the  beam  are 
obtained  from  the  beam’s  rms  radii  and  the  rms 
divergences  obtained  from  horizontally  and 
vertically  polarized  interferograms  respectively. 
At  an  X  waist  then, 

£x  rms'=P7^nns®x  rms=£x  edge/4  (1) 

where  Exnns  is  the  rms  x  emittance,  Xrms  is  the 
rms  X  radius  of  the  beam,  ©xrms  is  the  rms  x 

divergence  and  is  the  x  edge  emittance. 

Table  I.  gives  a  comparison  of  the 
measured  values  using  the  three  techniques  as 
well  as  comparison  with  the  predictions  of  the 
PARMELA  simulation  code.  The  results  are  all 
in  good  agreement. 
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Table  I. 


106.82  ftoM  8.2  wU 


8.3  mtU 


8.4  mfU* 


Comparison  of  measurements  Md  simulation 
code  results 


Method 

xedge 

emittance 

^fms 

(mm) 

nns 

(mrad) 

Quad  scan 

158±24 

Two  foil 

167±25 

0.57 

0.35 

OTRI 

144±25 

0.57 

0.3±.05 

Parmela 

143 

0.81 

0.21 

IV.  References 

[1]  L.  Wartski,  S.  Roland ,  J.  Lasalles,  M. 
Bolore  and  G.  Filippi,  J.  Appld.  Phys.  46, 
3644,  1975. 

[2]  R.  B.  Fiorito,  et.  al.,  Proc.  6th  Inti.  Conf. 
on  High  Power  Beams,  Kobe,  Japan,  1986. 

[3]  D.  W.  Rule,  Nucl.  Instr.  and  Meth., 
B24/25, 90, 1987. 

[4]  D.W.  Rule,  R.  B.  Fiorito,  A.H.  Lumpkin, 
R.B.  Feldman  and  B.E.  Carlsten,  Nucl. 
Inst.and  Meth.,  A296, 739, 1990. 

[5]  X.K.  Maruyama,  R.B.  Fiorito  and  D.W. 

Rule,  Nuc.  Inst,  and  Meth.,  A272,  "37, 
1988. 

[6]  A.  H.  Lumpkin,  R.  B.  Fiorito,  D.W.  Rule, 
D.H.  Dowell,  W.C.  Sellyey  and 
A.R.Lowrey,  Nuc.  Inst,  and  Meth.,  A296, 
150, 1990. 


Figure  ,3.  OTR  Interferometer  scans  -  relative 
intensity  versus  angle  measured  in  radians  for 
three  values  of  x.  divergence;  top:  0.2  mrad, 
middle:  0.3  mrad,  bottom:  0.4  mrad. 
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Abstract 

Wrpfesent  a  novel  technique  to  nneasure  separately  the 
transverse  sises  of  e*^  and  e~  beams  in  linear  colliders, 
that  is  based  on  analysing  patterns  of  beamstrahlung  en¬ 
ergy  recorded  while  the  two  beams  are  scanned  across  each 
other.  After  establishing  the  principle  of  the  method,  we 
compare  our  predicted  radiated  energ}\profiles  to  actual 
measurements,  and  verify  the  consistency  of  our  results 
with  an  independent  beam  site  determination  based  on  co¬ 
herent  mutual  electromagnetic  deflection  of  the  two  beams. 


I.  Theory  of  Classical  Beamstrahlung 


centers,  .and  is  the  angle  between  the  directions  of  the 
major  axes  of  the  two  bunches. 

The  total  nuniber  of  photons  radiated  is  given  by  [2] 


X  f  f  dfidu  (1) 


where 


Consider  a  micron-sited  electron  bunch,  containing 
about  10^*^  particles,  colliding  with  a  positron  bunch  at 
the  interaction  point  (IP)  of  the  Stemford  Linear  Collider 
(SLC).  The  strong  coherent  electromagnetic  field  gener¬ 
ate*^  by  the  positron  (resp.  electron)  bunch  as  a  whole, 
slightly  inflects  the  trajectory  of  each  incoming  electron 
(resp.  positron),  and  causes  the  latter  to  emit  synchrotron 
radiation,  called  “beamstrahlung”,  as  already  observed  ex¬ 
perimentally  (1). 

Field  strengths  at  the  SLC  IP  are  sufficiently iow  .that 
classical  beamstrahlung  theory  [2]  fully  describj^  the  prop¬ 
erties  of  the  emitted  radiation.  Thesv  depend  on  the  in¬ 
tensities  {Ni,N2)  of  the  two  beams,  their  r.m.s.  -bunch 
lengths  (<ru,02*),  their  energy  {Ei),  their  r.m.s  transverse 
sises  (o'iz,o’iy,a2z)0’2y)i  and  Anally  on  the  beam  orienta¬ 
tion  parameters  (a,a,/3)  (subscript  1  indicates  the  beam 
whose  emitted  radiation  is  being  calculated,  while  sub¬ 
script  2  refers  to  the  beam  producing  the  electromagnetic 
field  responsible  for  the  synchrotrc-n  emission).  The  charge 
population  within  each  bunch  is  assunpcd  to  be  gaussian 
in  all  three  dimensions.  For  each  of  Sh^'twc;  bunches  sepa¬ 
rately,  we  choose  a  coordinate  system  sx’chi  that  the  z  axis 
lies  along  the  incoming  beam  direction,  the  x  direction 
matches  the,  major  axis  of  the  transverse  beam  profile  (as¬ 
sumed  elliptical),  and  the  y-axis  is  aligned  with  its  minor 
axis  (the  directions  of  the  major  and  i»unpr  aids  of  the  two 
beams  need  not  coincide),  a  is  the  r^ial  distance  between 
the  centers  of  the  two  beams,  a  is  the  angle  between  the 
major  axis  of  bunch  2  and  the  line  connecimg  the  bunch 


w 


Bf(/i-i-iRlu)] 

.  v/SFT  J 


(2) 


g(/i,  u,q,/3,(,Ri)  =  {g  cos/3  Hf-i/  sin  /3  -  ^  cos(/3  -  ck))* 
-f.Rj(-/isin/3  +  j/cos/9-f  ^8in(/3-Q!))*  (3) 

Here,  Oe  is  the  fine  structure  constant  and  re  is  the  classical 
radius  of  the  electron;  Ri  and  R2  are  the  aspect  ratios 
of  the  bunches  {Ri  =  oixl^iy,  R2  =  o^2i/<72y);  and  B* 
and  By  are  the  beam  size  ratios  (B*  =  ffii/o’2*i  By  = 
o’iy/o^2y)'  w(z)  is  the  complex  error  function:  v){z)  — 
exp(-z*)erfc(-t2).  g  and  v  equal  x/\/2criz  and  y7v2criz, 
respectively,  and  ^  equals 
The  total  energy  emitted  can  be  expressed  as 

X  f  I  /*(/i,  (4) 

J-OOv-00 

where  7  is  the  relativistic  factor,  m  is  the  mass  of  the 
electron,  and  c  is  the  speed  of  light. 

The  maximum  critical  energy  is 

(i?e)ma*  =  3/„(Bz.  Bz)  )  B^Bj  (5) 

where  fm{Bx,R2)  is  the  maximum  magnitude  of  the  elec¬ 
tric  field  of  bunch  2  in  units  of  {eN2lo2x<r2z)- 
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Firi^y, ’the  photon  eher^  spectrum  can  be  calculated,: 


where 


J(J?i,.R2.B*id,jS.6e)=  /  [  r 

J~OO<J-0oJth{n,V,Bm\R3) 

/m('S*i'F2)  , 


and 


H{niu,BtiR2) 


f{fi,u,Bx,R2) 


E, 

{Ec)n 


(8) 


II.  Beamstrahlung  radiation  detector 


Beamstrahlung  photons  emitted  by  electrons  and 
positrons  impinge  on  two  detectors,  located  symmetrically 
on  either  side  of  the  SLC  IP,  downstream  of  the  first  bend¬ 
ing  dipole  encountered  by  the  outgoing  charged  particle 
beiuns.  In  this  section,,  we  recall  the  principle  and  con¬ 
struction  of  these  ’’beamstrahlung  monitors”,  outlining  as 
we  proceed  the  physical  processes  that  convert;  the  beam¬ 
strahlung  energy  fiux  into  a  measurable  electrical  signal. 

Each  monitor  [2,3]  consists  of  a  Cerenkov  counter  filled 
wiih  ethylene  gas  at  a  pressure  of  0.3  atmospheres.  Beam¬ 
strahlung  photons  incident  on  the  monitor  first  hit  a  con¬ 
verter  plate,  where  about  3%  of  them  (for  =  50  MeV) 
convert  into  e+e”  pairs.  The-Certukov  light  produced  in 
the  gas  by  the  conversion  products  is  then  reflected  by 
a  field  mirror  onto  a  plane  mirror,  that  guides  it  into  a 
light  ch  consisting  in  turn  a  periscope  with  two 
90*  re  .tions.  This  light  channc.  ends  in  five  side-by- 
side  vacuum  windows  of  fused  silica,  held  by  a  stainless 
steel  jacket.  Downstream  of  the  windows,  the  light  hits 
five  Hamamatsu  R580  photomultiplier  tubes,  whose  out¬ 
put  signals  are  integrated,  digitized,  and  summod  together. 

The  total  charge  collected  from  the  phototubes,  ex¬ 
pressed  in  terms  of  ADC  counts,  is  related  to  the  total 
number  of  beamstrahlung  photons  rad.iated..  by  (2,4) 

Nadc  =  C  /  ^Nc{E,)f^  dE^  (9) 

‘'■Bco//  “•“T 


where  C  (ss  4.5  x  10“®)  is  the  number  of  ADC  counts 
per  Cerenkov  photon  detected,  dNi^/dE^  is  the  number 
of  beamstrahlung  photons  producec  at  energy  E^,  and 
Nc{E^)  is  the  average  number  of  Cerenkov  photons  pro¬ 
duced  by  a  converted  beamstrahlung  photon  of  energy  E^: 


Nc{Ey) 


AiralAi/ 

cEj 


(l-i)  (£,-£„„) 

7^  /  J _ 

\Ey  Ecoff 


(10) 


Here  Ms  the  path  length  (21  cm)  of  a  conversion  electron  or 
positron  in  the  counter  gas,  h  is  the  index  of  refraction  of 
this  gas-(1.0002),  Ai/  is;the  frequency  interval. over  which 
the  phototubes  are  sensitive  (8.57  x  10^^  Hz),  and'.Eeo//  is 
the  Cerenkov  threshold, energy  (approximately,  26  MeV),. 

Finally,  fy(Ey),  the  fraction  of  photons  that  pair  produce, 
is  given  by 

/,(!?.,)=  (12) 

where  N  is  the  number  of  nuclei  per  unit  volume,  x  is 
the  thickness  of  the  converter  plate  (0.79  mm),  and  a(Ey) 
is  the  pair  production  total  cross  section  per  nucleus  at 
energy  Ey,  calculated  using  the  Racah  formula  for  pmr 
production  in  the  field  of  an  unscreened  point  nucleus  [2]. 


III.  Spot  size  measurement  technique 

We  can  now  predict  and  measure  the  total  energy  (con¬ 
voluted  with  the  acceptance,  threshold  and  resolution  func¬ 
tions  of  the  beamstrahlung  monitor)  radiated  by  either 
beam.  Our  spot  size  measurement  technique  [2,5]  funda¬ 
mentally  relies  on  the  fact  that  the  energy  pattern  radiated 
by  one  of  the  bunches  depends,  in  different  ways,  both  on 
its  own  charge  distribution  (i;e.  on  the  spatial  distribu¬ 
tion  of  the  radiating  particles),  and  on  that  of  the  other 
beam  (which  determines  the  distribution  of  electromag¬ 
netic  fields  that  induce  the  radiation  process).  By  mea¬ 
suring  the  radiation  patterns  from  both  beams  simulta¬ 
neously  eis  these  are  scanned  across  each  other  (thereby 
probing  each  other's  charge  distribution  and  field  config¬ 
uration),  it'  is  possible  to  unfold,  in  a  global  fit  to  these 
patterns,  the  parameters  describing  the  transverse  bunch 
shapes.  As  no  attempt  is  made  to  measure  the  absolute 
magnitude  of  the  beamstrahlung  flux,  variables  such  as 
bunch  length  or  beam  current,  which  greatly  affect  the  en¬ 
ergy  and  intensity  of  the  photon  flux,  but  not  its  spatial 
pattern,  become  largely  irrelevant  (except  through  their 
coupling  with  Cerenkov  threshold  effects). 

In  practice,  the  method  consists  in  holding  one  of  the 
beams  fixed,  and  scanning  the  other  beam  transversely 
across  it,  first  horizontally,  and  then  vertically,  using  steer¬ 
ing  dipoles  located  on  either  side  of  the  SLC  IP.  Each  scan 
extends  well  beyond  several  beam  radii,  in  order  to  probe 
the  full  spatial  extent  of  the  electromagnetic  field  of  the 
bunch,  and  typically  covers  a  range  of  ±40/rm,  in  2  /rm 
steps  [1,2].  At  each  scan  point,  the  beamstrahlung  flux 
(eq.  9)  is  recorded  and  averaged  over  10  consecutive  beam 
pulses;  the  beam  is  then  moved  to  the  next  scan  point,  and 
the  whole  procedure  is  repeated.  Such  a  “beamstrahlung 
scan”  therefore  results  in  a  total  of  four  beamstrahlung 
patterns,  which  can  be  eideqUately  modelled  by  our  beam¬ 
strahlung  and  detector  simulation,  as  illustrated  in  fig.  1. 
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counts)  from  radiating  electrons  (left)  and  positrons 
(right),  vs.  horbontal  (top)  or  vertical  (Ijottom)  distance 
between  the  colliding  bunches,  for  the  data  (points)  and 
the  simulation  (curves). 

One  of,  the  simplest  shape  parameters  that  characterizes 
such  a  beamstrahlung  pattern  is  its  ,2-ff  truncated  r.m.s 
width  W  [2].  We  can  extract  from  the  4  radiation  pat¬ 
terns  above,  4  measured  width  parameters  Wj™,  Wi”, 
and  W^.  If  both  beams  are  upright,  i.e.  if -their  major 
and  minor  axes  sure  all  either  horizontal ‘‘dr  vertical,  then 
4  numbers  suffice  to  describe  the  transverse  profiles  of. the 
two  beams,  viz.  the  r.m.s  beam  sizes  cri,.,  cij,,  q2n  and 
ffjy.  It  should  therefore  be  possible  to  relate  these  4  trans¬ 
verse  beam  sizes  <r  to  the  4  width  paramtiters  W,  and  to 
thereby  measure  the  beam  sizes  by  matching  the  expected 
values  of  the  width  parameters  W  to  their  observed  values. 

To  this  effect,  we  first  construct  a  “library"  of  beam¬ 
strahlung  scans,  by  generating,  according  to  the  prescrip¬ 
tions  of  section  II,  several  sets  of  simulated  beamstrahlung 
patterns  like  the  ones  of  fig.  1,  that  cover  a  sufficiently 
wide  range  of  possible  beam  size  combinations.  For  each 
of  the  generated  combinations,  the  widths  parameters  are 
evaluated  from  the  simulated  beamstrahlung  patterns  and 
stored  in  a  four-dimensional  look-up  table.  This  allows, 
given  any  combination  of.assumed  values  for  ojj,  ctiy,  C2x, 
and  CT2y,  to  calculate  by  interpolation,  the  expected  values 
of  the  width  parameters  Wix,  Wjy,  W21,  and  W2y. 

The  four  beam  sizes  oi*,  oiy,  a2i  and  a2y  are  then  “mea¬ 
sured”  by  finding  the  set  of  values  of  o-’s  that  minimize  the 
X*-like  quantity 


where  Wix . W2y  are  the  expected  values  of  the  width 

parameters,  corresponding  to  the  assumed  values  of 
<rij:,...,a2y.  Each  W  is  a  function  of  all  four  as. 

The  validity  of  the  method  has  been  tested  by  mea¬ 
suring,  simultaneously  with  the  beamstrahlung  patterns, 


the  electromagnetic  deflection  induced  by  one  beam  on 
the  other  [6].  This  technique  directly  measures  the  “in¬ 
teraction  radii"  Si  =  y/cT\^  +  af^  and  Sy  =  ^Jcr\y  -f  afy, 
but  is  unable  to  separate  the  individual  electron  (aj)  and 
positron  (a2)  contributions  to  Ei  and  'Sy.  We  compare 
in  fig.  2  the  interaction  radii  as  measured  by  the  beam- 
beam  deflections,  and  by  the  beamstrahlung  patterns,  in 
a  controlled  experiment  where  all  beam  parameters  are 
kept  constant,  except  for  the  horizontal  size  of  the  elec¬ 
tron  beam  which  is  varied  using  adjustable  quadrupole 
magnets.  As  the  longitudinal  position  of  the  horizontal 
electron  waist  is  varied  around  the  nominal  (zero)  position, 
Ey  stays  approximately  constant  (as  it  should),  while  Ei 
Vciries  by  the  expected  amount.  Beamstrahlung  and  de¬ 
flection  measures  of  the  spot  sizes  yield  results  consistent 
with  each  other,  both  qualitatively  and  quantitatively. 


£»  0^)  (Atm) 


-202  4  -2  0  2  4 
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Figure  2:  E*  and  Ey  vs.  position  of  the  horizontal  e* 

waist,  as  measured  by  beam-beam  deflections  (*)  and  by 

beamstrahlung  patterns  (+). 
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Abstnet 

Beam  diagnostics  for  the  lUCF  Cooler  synchrotron 
^ch  have  been  recently  developed  include  a  b^am  phase 
feedback  ^tem  to  damp  synchrotron  osdllations  induced  by 
the  rf  system  and  a  transverse  phase  space  tracking  system 
to  measure  the  betatron  firactionid  tunes  ^d  to  investigate 
:spn>linear  beam  dynamics.  New  .cydotron  diagnostic 
^tems  indiide  a  new  beam  timmg  system  which  has  been 
improved  in  sensitivity  by  oyer  a  factor  of  10,  a  cyclotron 
beam  turns  counting  system,  and  an  electrostatic  quadropole 
magnet  miodulator  to  vary  beam  Intensity  in  sync^onization 
with  the  bemn  swtehing  magnet.  The  design,  performance, 
and  problems  assodated  vdth  these  systems  are  discussed. 

I.  COOLER  Beam  Diagnostics 

A.  Beam  phase  feedback 

The  cooler  low  level  rf  system  uses  a  DDS  (Direct 
Digital  Synthesizer)  with  512  Hz  resolution  for  acceleration. 
These  feurly  large  (&aeet  steps,  corresponding  to  a  hp/p  of 
about  0.006%  (to  be  compart  vdth  the  Cooler  momentum 
acceptance  of  ±  0.2%)  occur  at  rates  comparable  to  syn- 
ciu-otroh  oscillation  frequency,  ^ically  2*5  kHz.  Conse¬ 
quently  large  synchrotron  oscillations  are  induced  during 
acceleration.  Although  the  effect  of  these  steps  can  be 
reduced  by  lowering  the  phase-locked-loop  (PL^)  bandwidth, 
if  the  bandwidth  is  made  too  ^all  the  loop  cannqt.  track  the 
ramp  without  losing  lock;  in  addition,  as  the  loop  bandvidth 
is  decreased,  additional  noise  from  the  VCO,  which  also 
heats  the  beam,  is  introduced.  As  a  result,  with  tm  opti¬ 
mized  PL^  bandwidth,  we  typically  lost  about  60%  of  the 
beam  during^acceleration. 

To  solve  this  problem  we  built  a  beam  phase  feedback 
(BPF)  system.  The  BPF  system  compares  the  phase  of  a 
signal  from  the  rf  cavity  with  a  beam  signal  from  a  wall  gap 
monitor.  Because  the  rf  system  operates  at  many  different 
harmonics  of  the  fundamental  revolution  frequency  it  was 
necessary  to  include  an  adjustable  phase  shifter  with  discreet 
settings  for  each  harmonic  number  in  series  with  the  beam 
feedback  signal  in  order  to  maintain  a  90°  phase  difference 
between  the  beam  and  cavaty  monitor  signals  for  the  ECL 
discriminator  which  operates  with  an  I.F.  of  10.7  MHz.  The 
discriminated  phase  signal,  after  being  processed  by  a 
computer-controlled  filter  with  adjustable  cutoff  frequency 
and  gain,  is  fed  into  the  PL^  upstream  of  the  loop  filter. 
The  performance  of  this  system  is  demonstrated  in  Figure  1, 
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which  shows  the  dampmg  of  a  deliberately  induced  synchro- 
.tron  oseiJiation  as  a  fiihction  of  the  system  closed  loop  gain. 
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Figure  1.  Beam  phue  with  itpect  to  the  (f  system  as  a 
function  of  time  wth  the  damping  system  in  operation. 
Vertical:  45®/div;  Horizontal:  1  m$/div.  Top  icace:  BPF 
relative  gain  ■  1;  bottom  trace:  BPF  relative  gain  >-10. 

This  system  has  increased  transmission  efiiciencies 
during  acceleration  for  about  30%  to  close,  100%  The  beam 
lifetime  is  also  greatly  improved.  The  system  d^amic  range 
is  50  dB  (from  1  pA  to  300  pA)  limited  on  tnc'‘lugh  end  by 
the  saturation  level  of  the  beam  pickup  ^pliiter  (ewUy 
correctable)  and  on  the  low  end  by  poor  signal  to  noise. 

The  rf  low  level  system  also  uses  ah  HP-3325A  synthe¬ 
sizer  when  operating  at  stationary  ’frequencies.  In  this 
operating  mode  the  phase  error  sig'tal  is  fed  into  a  ph&se 
shifter  vrith  the  same  desirable  effect. 

B.  Cooler  beam  phase  space  fn?”®  'ig  sysim 

1.  System  description 

The  extremely  small  emiltance  and  momentum  spietd 
of  the  electron-cooled  proton  beams  inakes  the  Cooler  an 
ideal  laboratory  for  the  study  of  nonlinear  beam  dynamics 
with  unprecedented  resolution.  A  data  acqjji  Jtion  systeui  is 
being  developed  to  track  the  position  of  a  single  oeam  bunch 
in  transverse  phase  space  un  a  turn-by-turu  basis  in  the 
Cooler.  This  system  consist.^  of  four  major  subsystems:  (1) 
the  front-end  electronics,  ^2)  the  level  control  vAux  signal 
conditioning,  (3)  the  sample  and  hold  (S/H)  module  and  (4) 
the  digitizer. 

The  front-end  electronics  consists  of  two  easting  beam 
position  monitor  (BPM)  electrodes  separated  by  a  betatron 
phase  advance  of  close  to  90°.  The  electrode  amplifiers 
produce  signals  proportional  to  the  beam  intensity  and  the 
product  of  the  beam  position  and  intensity  and  have  55  dB 
gain. 
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The  .automatic  level  control  module  increases  the 
system, djm'amic  range.  The  peak  signal  voltage  is  used  in  a 
fe^back'I^p  to  adjust  programmable  step  attenuators  wth 
10  ihcremehtSi  ^er  the  attenuatorsj  the  short  pulses  (*  5  - 
i0:m  m  len^)  me ; peak-detected  by  a  passive  cirmt 
havihg  a  swtA-sCilertable  RC  decay  time  wWch  minimizes 
.^pUi^^enprs  due  to  jitter  drift  in  the  sample,  and 
hdid5(S/H5.tipiuig  si^aU. 

^e  S/H  mi^ule  samples  the  peak-detected  position 
and  intensity  levels  with  hi;^  speed  sample  and  hold  amplifi¬ 
ers  ha\ing  a  12  ns  track-to-hold  settling  time.  The  output  of 
two  S/H  m^ules  are  fed  into  a  2:1  analog  multiplexer 
eimblbg  a.  single  &gi^r  to  record  both  the  position  and 
intentity-  si^^;  the  electromcs  also  reduce  the  re¬ 
quired  di^tizcr  speed.  Consequently,  we  have  considerably 
reduced  the  system  cost  by  minimiang  the  required  speed 
and  quality  of  the  diptizers.  The  trigger  clock  operates  off 
the  beam  intenitity  signal  and  runs  ,  at  the  pulse,  repetition 
frequency  divided  by  the  rf  harmonic  number.  The  system 
can  djperate  with  beam  fundamental  revolution  frequencies 
of  up  to  hfflz. 

We’  use  a  commerdal  transient  recorder,.  DSP  2012, 
(TR)  which  has  \2  bit  resolution  and  an  8  k  sample  buffer 
as  the  digitizer.  The  TR  is  a  CAMAC  module  which 
interfaces  to  the  VAX  network  enabling  the  use  of  many 
existing  software  packages,  consequently  miiumizing  the 
amount  of  software  overhead, 

2  System  operation  and  performance 

The  system  is  presently  being  developed  for  betatron 
fractional  tune  measurements  and  nonlinear  beam  dynamics 
studies.  The  beam  is  kicked  using  a  horizontal  kicker 
magnet.  A  fast  foiuier  transform  (FFT)  of  the  beam 
position  data  after  the  kick  ^elds  the  fractional  tune  as 
shown  m  Figure  2. 


Figure  2.  The  bottom  portion  of  the  figure  shows  the  beam 
position  of  a  single  beam  bunch  for  1024  turns.  At  turn  S12 
the  injection  kicker  is  Hred  producing  a  coherent  betatron 


oscillation.  The  top  portion  is  an  FFT  of  the  recorded  beam 
postion;  the  peak  corresponds  to  a  betatron  fractional  time  of 
0.189. 

The  system  noise  is  determined  by  the  input  noise  in 
the  first  amplifier  (»  0.5  nV/vTlz)  and  the  electrode  sensitiv¬ 
ity  (y/Ipeai^mm)  ^  Q/mm.  Consequently, 

operating  vtith  peak  currents  (the -  product  of  current  and 
bunching  factor)  of  about  100  pA,  a  bandwidth  of  about 
100  MHz,  and  a  value  for  p  =  v/c  of  03,  we  expect  rms 
noise  of  less  than  0.1  mm.  Although  normalize  beam 
position  resolutions  of  0,13  mm  have  been  observed,  more 
systematic  testing  is  needed.  The  system  has  demonstrated 
a  1%  amplitude  linearity  over  the  lOdB  step  attenuator 
range  (Fig.  3). 


Figure  3.  System  linearity  as  a  function  of  voltage  in  (x  axis) 
vs  voltage  out  (y  axis).  A  simulated  beam  pulse  input  was 
increased  in  IdB  steps.  The  error  bars  are  1%. 

Since  the  trigger  circuitry  operates  directly  off  of  the 
beam  signals,  no  adjustments  are  required  wth  varying  beam 
velocity,  harmonic  number,  bunching  factor  or  intensity. 
This  enables  tune  measurements  to  be  made  during  the 
acceleration  process,  even  where  the  beam  velocity  can 
change  by  over  a  factor  of  two. 

Studies  of  the  Poincar'e  (r/)  map,  mapping  of  reso¬ 
nance  islands  boundaries  and  dynamical  aperture  studies 
using  this  system  for  data  acquisition  >m11  begin  this  summer. 


III.  Cyclotron  Beam  Diagnostics 

A.  New  beam  timing  system  electronicsll] 

The  beam  timing  system  provides  an  rf  signal  phase- 
locked  (»  ±  100  ps)  to  the  beam  from  the  cyclotron  for 
experimentalists  to  use  as  a  stop  signal  m  energy  measure¬ 
ments  of  reaction  products  using  time  of  flight.  Operation 
wth  the  very  low  beam  currents  from  the  cyclotron  (as  low 
as  a  few  nA)  is  very  difficult  and  we  have  made  many 
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improvements  in  our  system  in  order  to  operate  with 
currents  of  this  level.  Formerly,  the  lowest  intensity  beams 
we  were  able  to  operate  reliably  was  »  25  nA.  There  were 
two  prindple  problems;  wideband  noise  (causing  an  unac¬ 
ceptable  amount  of  jitter  in  the  timing  signal)  and  rfi 
(causing  cLu'ges  in  the  phase  of  the  timing  signal  with 
chmiges  in  the  beam  current). 

The  ^deband  noise  problem  was  eliminated  by 
replacing  the  HP  840SA  vector  voltmeter,  .which  was  used  as 
the  system  phase  detector,  with  a  modified  BPM  system  low 
bandwidth  detector  (LBVtHD).  This  reduced  the  amount  of 
vddeband  noise  by  alxiut  an  order  of  magnitude,  to  the  level 
expected  ^ven  the  system  bandwidth  and  pickup  amplifier 
noise  figure. 

The  maximum  permissible  amount  of  coherent  rfi  at 
the  pickup  for  ^tisfactory  operation  with  beam  currents  of  a 
1  nA  is  about  2  hV  at  the  second  harmonic  of  the  cyclotron  «> 
rf  frequency,  typically  60  MHz.  Despite  all  efforts  at  rfi 
shielding,  such  rfi  levels  could  not  be  obtained.  Consequent¬ 
ly,  we  decided  to  operate  the  system  at  a  frequency  wUch  is 
a  harmonic  of  the  beam  pulse  repetition  frequency  but  not 
a  harmonic  of  the  rf  frequency  by  using  pulse-selected 
beams.  The  beam  is  pulse  selected  \\n  using  a  prebuncher 
operating  at  a  frequency  of fc^i/n  where/^z  is  the  cyclotron 
rf  frequency  and  n  is  an  integer.  In  this  situation,  there  is  a 
beam  signal  at  all  frequencies  given  by  w/g^///i  where  m  is 
an  integer,  but  rfi  only  when  m/n  is  also  an  integer.  The 
system  operates  with  m/n  ~  3/2  for  even  n,  and  at  m/n  » 

5/3  for  values  of  n  which  are  a  multiple  of  3.  By  changing 
the  local  oscillator  frequency  to  3/2  or  5/3  the  cyclotron  rf 
frequency  (depending  on  the  pulse  selection  of  the  beam)  -f 
2.777  kHz,  and  adding  an  amplifier  in  the  feedback  at  low 
gains,  we  have  locked  onto  beams  with  intensities  as  low  as 
1  nA. 

B,  Beam  turn  counter 

This  system  modulates  the  beam  current  at  a  frequency 
of  about  100  kHz  and  measures  and  compares  the  phase  of 
the  beam  current  modulation  detected  at  pickups  immediatly 
before  and  after  the  cyclotron.  An  HP4195A  Network 
Analyzer  is  used  to  monitor  this  phase  difierence,  operating 
on  a  modulation  sideband  of  a  high  harmonic  of  the  pulse- 
selected  beam  repetition  frequency  which  is  not  ^so  a 
harmonic  of  the  cyclotron  rf  system  frequency. 

In  a  test  of  this  .system  we  modulated  the  beam  current 
by  modulating  the  phase  of  the  prebuncher  rf  systems.  For 
a  number  of  reasons,  this  is  not  a  suitable  system  for 
modulatmg  the  beam  intensity  and  we  are  installing  a  new 
beam  intensity  modulation  system.(see  Fig.  4) 

C.  Beam  intensity  modulation  system 

By  first  limitmg  the  acceptance  of  the  600  keV  beam¬ 
line  with  two  sets  of  4-jaw  slits,  we  can  modulate  the  beam 
intensity  by  a  factor  of  about  50  without  altering  the  beam 


transmission  efficiency  through  the  following  series  of 
accelerators  by  modulating  the  voltage  of  an  electrostatic 
quadrupole.  The  electrostatic  quadrupole  voltage  will  be 
modulated  using  a  home-built  triode  vacuum  tube  which  is 
bemg  tested.  Besides  bemg  useful  for  future  beam  diagnos¬ 
tic  systems,  this  system  will  be  essential  for  future  beam 
splitting  operations,  where  two  simultaneous  users  require 
substantially  different  currents. 


Figure  4.  Tlie  cyclotron  time  space  ■  At  the 

time  of  the  test,  /  ■  27.85  MHz,  hamonic  ■  6,  one  turn  ■ 

21S  ns  and  at  100  kHz  modulation  one  turn  ■  7.75°.  Because 
of  the  fractional  tune,  one  of  every  6  turns  can  be  extracted. 

IV.  Conclusion 

When  a  new  beam  diagnostic  system  is  commissioned 
and  used  to  make  a  systematic  set  of  measurements,  we 
invariably  learn  something  new,  if  not  excitmg.  Hopefully  in 
the  upcomming  years  we  wU  have  many  interestmg  results 
to  report  on  using  these  new  systems. 
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_  Abstract  A  l^er  polarimeter  has  been  installed  in 
LEP  to  measure  the  transverse  beam  polarization.  We 
describe  the  layout,  the  production  and  the  control  of  the 
polarization  of  the  laser  light,  the  photon  detector  and  the 
data  acquisition  philosophy.  The  commissioning  experi¬ 
ence  in  the  first  year  of  operation  of  the  device  is  discussed 
together  with  recent  results  on  the  detection  of  transverse 
polarization.. 

1  Introduction 

Studies  oh  transverse  polarization  in  LEP  with  simula¬ 
tion  programs  anticipated  limitations  from  several  effects 
like  betatron  coupling  and  residual  vertical  dispersion.  A 
rather  poor  polarization  level  was  then  expected  to  be 
available  'by  the  end  of  the  first  year  of  LEP  operation 
and;a  fast  polarimeter  [1]  [2]  capable  of  monitoring  polar¬ 
ization  changes  of  a  few  percent  has  been  designed  and 
installed  as  an.  essential  tool  to  optimize  orbit  correction 
strategies  required  to  improve  the  polarization  level. 

2  The  Compton  polarimeter 

Suggested  by  Baier  and  Khoze  [3]  the  laser  polarimeter  is 
based  on  spin-dependent  Compton  scattering  of  circularly 
polarized. photons  from  polarized  electrons  or  positrons. 

In  presence  of  transverse  beam  polarization  the  vertical 
angular  distribution  of  the  recoil  high  energy  7-rays  shows 
an  up-down  asymmetry  proportional  to  the  lepton  and  pho¬ 
ton  polarization  level,  which  flips  sign  under  reversal  of  the 
handedness  ^3  of  the  incident  photons  [4]: 

K)  sin  <i>',  (i) 

where  rifl, 4(1/)  are  the  7-rates  at  a  vertical  position  y  at 
the  detector,  Hr  is  the  transverse  analyzing  power  while 
the  kinematic  notations  are  defined  in  [5]. 

The  asymmetry  (1)  can  be  expressed  in  terms  of  the 
mean. shift  A(y)  between  the  center-of-gravity  of  the  two 
7-distributions  produced  by  the  helicity  states  ^3  =  ±1  : 

A(y)  =  /c6Pi,  (2) 

where  the  mean-shift  for  full  electron  and  photon  polariza¬ 
tion  K  simulated  for  our  polarimeter  is  ;  k  =  500  db  30  pm. 


3  Layout 

Quantitative,  considerations  on  background  from  gas 
bremsstrahlung  and  synchrotron  radiation  have  been  ac¬ 
counted  for  in  [1]  and  guided  the  choice  of  the  layout. 

The  90  mJ  light  pulses  from  a  30  Hz  Nd-YAG  laser 
operated  in  the  visible  range  (A^  =  532  nm)  and  installed 
in  an  Optical  Laboratory  ~  15  m  off  the  LEP  tunnel  are 
guided  towards  the  Laser  Interaction  Region  (LIR)  over 
~  115  m  in  a  roughly  evacuated  beam  pipe  including  three 
lenses  and  five  multilayer  dielectric  mirrors.  The  final  de¬ 
flection  onto  the  e“  beam  under  ah  angle  of  2  -i-  3mrad 
is  provided  by  (Ag  +  MgF2)-coated  Cu  mirrors  [6].  Their 
position  in  the  LIR  vacuum  chamber  can  be  remotely  ad¬ 
justed  to  operate  the  polarimeter  in  parasitic  mode  dur¬ 
ing  physics  runs  without  affecting  the  beam  life  time  nor 
the  mirror  reflectivity.  Hundreds  of  high  energy  7’s  per 
laser  shot  are  backscattered  in  a  5-28  GeV  range  and 
reach  the  detector  247  m  downstream  the  LIR  through  a 
50  X  20  mm^,  2  mm  thick  Al-window  built  in  the  modified 
vacuum  chamber  in  the  B1  main  dipole  about  225  m  from 
the  interaction  point. 

The  upstream  10%  weak  dipole  prevents  the  detector 
from  being  reached  by  the  56keV  critical  energy  syn¬ 
chrotron  radiation  from  the  LEP  main  dipoles.  Proper 
shielding  against  the  radiation  emitted  in  the  quadrupoles 
and  the  orbit  correctors  along  the  LSSl  straight  section  [1] 
has  nevertheless  to  be  provided. 

Six  TV  cameras  have  been  recently  installed  on  the  laser 
line  for  the  alignment  of  the  light  beam  on  mirrors,  win¬ 
dows  and  diaphragms. 

4  The  detector 

Silicon  calorimeters  have  been  developed  and  successfully 
employed  in  1990  [7]  for  the  LEP  luminosity  monitors. 
Silicon  strip  planes  behind  a  remotely-controlled  variable¬ 
thickness  lead  absorber  also  constitute  the  active  part  of 
the  polarimeter  detector  to  measure  the  profiles  of  the  re¬ 
coil  photons. 

Some  modifications  to  the  calorimeter  used  in  the  1990 
runs  have  been  performed  during  the  ’90/’91  shutdown 
and  the  new  layout  is  shown  in  Fig.  1.  Four  strip  detec¬ 
tors  (Si  -  S4)  and  five  unsegmented  pads  (Fi  -  F5)  are 
inserted  between  tungsten  plates.  Tne  40  mm  x  40  mm 
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-^^ectofs  have  i6\honzon^r  strips -with  2  mm  pitch. 
The  ^1,2,3 'Strip  planes  measure  the  vertical,  7-profile  and 
the  S4  the  horizontal  one.  The  first';Si  detector  just  behind 
O^  radiatioh'lerigthsJs  intended/to  monitor  the  profile  of 
theisynchrotroh  radiation  since  any  change  of  the  mean 
value- indicates  a  change  of  the  'beam  position.  The  other 
d^ectprs.  are  installed  after  aTr.f,  of  tungsten. 

.Thei^olution  .df  the  polarimeter  is  proportional  to  the 
nuniber  of  photdiis  from  Compton  mattering  which  can 
yary.'in'  a  wide  range  according  to  the  luminosity  of  the 
dMerrbeam  interaction^  To  cover  this  range  strip  detectors 
5i;and.5b  are  equipped  with  preamplifiers  of  different  gain 
and  they  can.be  chosen  according  to  the  photon  flux. 

The  five  fuli',plane  '“F”  detectors  are  riieant  to  moni¬ 
tor  the  deposited  energy  of  the  scattered  photons.  Three 
of  them  have  preamplifier  gains  chosen  to  measure  single 
photon  energies  while  the  other  two  measure  the  energy  of 
itpultiphoton  bursts. 

A  movable  lead  absorber  is  installed  in  front  of  the  silicon' 
calorimeter-to  shield  the  detector  against  the  synchrotron- 
radiation  fromLSSl.^Absorber  thicknesses  of  0-7-5  r.l.  can 
be  selected  according  to  the  beam  intensity. 


Figure  1:  Schematic  of,  the  Si/W  photon  detector. 

5  Data  acquisition 

The  front  end  of  the  data  acquisition  system  is  based  on  a 
commercial  VME  board  (CES8150)  containing  a  Motorola 
DSP56001  Digital  Signal  Processor.  Integrate-and-hold 
modules  on  a  daughter  board  digitize  the  analog  charges 
from  the  Si  detectors  by  means  of  four  ADC’s.  A  5  MHz 
sequencer  on  the  DSP  board  controls  the  data  flow  from 
the  daughter  board  to  the  DSP. 

The  data  acquisition  system  has  also  been  modified  to 
improve  speed  and  flexibility  and  data  processing  on  each 
laser  shot  will  be  possible  at  a  ~  30  Hz  rate. 


Figure  2  :  Vertical  profile  of  backscattered  photons. 

6  Commissioning  results 

Backscattered  photons  have  been  observed  in  the  Si/W 
detector  after  e~  closed  orbit  correction  at  the  LIR  to  steer 
the,  backscattered  flux  through  the  Al-window  defining  a 
idO/irad  vertical  and  a  d;110/irad  horizontal  acceptance. 

Tbe  optimum  thickne^  of  the  lead  absorber  to  reduce 
the  synchrotron  radiation  flux  was  determined  at  a  beam 
energy  of  45.6  GeV. 

The  overlap  at  the  LIR  was  optimized  by  varying  the 
horizontal  photon  position  and  the  synchronization  be¬ 
tween  the  laser  pulse  and  the  e~  bunch  to  the  best  signal 
at  the  detector.  A  typical  vertical  7-profile  at  the  51  strip 
plane  is  shown  in  Fig.  2. 

Special  care  has  been  devoted  to  the  control  of  the  po¬ 
larization  state  of  the  laser  photons.  The  optical  section 
installed  on  a  bench  at  the  laser  output  was  used  to  con¬ 
trol  the  light  polarization.  A  rotating  A/2  plate  and  a  A/4 
plate  can  produce  any  elliptical  light  state,  from  linear  to 
'.circular.  Linear  light  has  proved  useful  to  the  setting  up  of 
the  polarimeter  since  in  this  case  the  Compton  cross  sec¬ 
tion  does  not  depend  on  beam  polarization  (1).  A  “push- 
pull”  A/2  retarder  introduces  an  additional  x  phase-shift, 
thus  reversing  once  more  the  handedness.  This  provides  a 
simple  way  to  correlate  the  observed  sign  reversal  in  the 
measured  mean-shift  to  the  polarization  signal. 

The  ellipticity  of  the  light  at  the  LIR  was  controlled  in 
the  optical  section  (Fig.  4)  by  timing  the  angular  position 
of  the  rotating  plate  w.r.t.  the  laser  pulse  to  compen¬ 
sate  for  depolarizing  effects  (reflections,  birefringence  etc.) 
from  optical  elements  in  the  transport  line  which  would 
spoil  an  initially  perfect  circular  light. 

The  laser  light  is  analyzed  downstream  the  LIR  by  a 
combination  of  a  A/4  retardation  plate  and  a  dichroic  po¬ 
larizer.  To  evaluate  the  amount  of  circularly  polarized  light 
a  two  dimensional  angle  scan  {0x/4,Opoi.)  is  used  to  deter¬ 
mine  the  light  minima  and  maxima.  The  measurement  is 
done  at  the  focus  of  a  converging  lens  to  avoid  light  inten¬ 
sity  fluctuations  from  beam  displacements.  To  be  indepen¬ 
dent  from  shot  by  shot  variations  a  non-polarizing  prism 
splitter  is  used  and  the  ratio  of  both  light  branches,  with 
and  without  the  plates,  is  considered  for  the  calibration. 
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A  hew, combined  A/4-pplarizer  analyzer  for  the  laser  op¬ 
tical  Action  will  be  available  for  the  ’91  run  period.  A 
/Mter  ligB  polarization  measuring  system,  where  the  in¬ 
tensity  of  the  circularly  polarized  light  tne^ured  after  a 
rotating  dichroic  polarizer  is  independent  of  the  rotation 
angle,  will  alro  be  installed  at  the  entrance  of  tbe  LIR 
vacuum  chamber. 


Pvlh.PulXl2 


Figure  3:  The  optical  section  on  the  laser  line, 


7  Conclusions 

The  commissioning  of  the  several  components  of  the  po- 
larimeter  has-been  carried  on  according  to  plans  and  with 
good  results.  Linear  light  proved  extremely  useful  dur¬ 
ing  the  setting  up  of  the  polarimeter  and-  the  behavior  of 
the  instrument  was  found  in  agreement  with  the  predicted 
performance. 

The  control  and  the  optimization  of  the  polarization 
states  of  the  laser  light  was  performed  from  the  optical 
laboratory  and  the  quality  of  the  circular  light  was  ade¬ 
quate  to  produce  observable  effects  on  the  mean-shift  of 
the  vertical  distributions. 

Evidence  of  backscattered  photons  has  been  observed  in 
the  course  of  polarization-dedicated  machine  physics  runs 
and  first  results  on  transverse  pci.arization  recorded  [4]. 
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ABSTRACT 

The  AGS  Booster  tune  mrter  kicker  system  con¬ 
sists  of  two  identical  kickereefor 'Horizontal  and  verti¬ 
cal  time  measurements,  and  a  control  unit  utilizing  a 
‘programmable  logic  controller.  The  kicker  luodulators 
are  line  type  pulsers.  The  pulse  energy  stored  in  the 
PFhl  is  discharged  through  a  set  of.  matched  cables  to 
the  load  magnet  and  a  matching  terminating  resistor. 
Some  RC  compensation  networks  are  used  to  obtain 
the  'fast  rising  pulse  waveforms.  The  Booster  will  be 
usedVo  accelerate  protons,  as  well  as  many  species  of 
heavy  |pn  beams.  Thus,  it  will  cover  a  wide  range  of 
revolution  frequencies.  To  cover  thb  wide  range,  tunes 
will  be  measured  by  kicking  the  beams  with  two 
different  pulse  lengths.  The  short  pulse  duration  is 
about  1  /is ,  and  the  long  pulse  duration  is  about 
3  /is .  A  switch  mode  power  supply  with  fast  command 
tracking  ,  speed  is  used  for  PPN  charging  and  enables 
the  kickers  to  change  pulse  amplitudes  on  a  pulse-by¬ 
pulse  basis.  The  peak  current  is  1500  amperes  at 

*  Work  performed  under  the  auspices  of  the  U.S.  Depart¬ 
ment  of  Energy. 


20  kV,  The  pulse  repetition  rate  can  reach  up  to  a 
maximum  of  200  pulses  per  second  (pps)  at  20  kV  and 
2000  pps  at  2.5  kV. 

MODULATOR  SYSTEM  DESCRIPTION 

The  AGS  Booster  tune  meter  deflectors  are 
located  in  the  E3  section  of  the  Booster  ring,  which 
deflect  the  passing  beam,  by  a  pulsed  magnetic  field. 
There  will  be  four  Booster  cycles  per  each  AGS  proton 
cycle.  Each  AGS  FEB  cycle  is  about  1.8  s,  and  3.3  s 
in  SEB  mode.  To  track  the  beam  energy  during 
acceleration,  it  is  desirable  to  have  a  tune  measure¬ 
ment  every  12  ms  for  protons,  and  every  60  ms  for 
heavy  ions.  Thus  the  specifications  calls  for  the  tune 
measurement  functions  as  shown  in  Figure  1  and  Fig¬ 
ure  2.  Since  the  revolution  time  of  proton  varies  from 
729.2  ns  to  1.19 /is,  and  it  range.s  from  772.3  ns  to 
14.08  /is  in  the  heav)’  ion  case,  a  selection  of  1  /is  or 
3  /is  pulse  width  kicks  was  specified  prior  to  the 
modulator  design.  The  acceleration  duration  for  each 
proton  cycle  is  only  about  60  ms .  To  achieve  multiple 
pulses  with  different  amplitudes  requires  a  fast  charg¬ 
ing,  fast  command  tracking  power  source. 


short 

pulse 

.-111 


Figure  1.  Tune  measurement  function  for  proton  acceleration. 


Figure  2.  Tune  measurement  function  for  heavy  ion  acceleration. 
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‘faking  advantage  of  the  rapidly,  developing 
technology  df  tswitch-inoide  power  supplies,  the  tune 
operation  function  be  achieved  by  adopting  it  as* 
the  modulator  power  source.  A  3  kWatts  switch  mode 
power  supply,  ALE^3b2L,  is  used  for  this  application. 
Its  fMt  tracking,  fast  charging,  and*  fast  high  voltage 
output  inhibiting  features  are  the  main  features  for 
our  application.  Two  identical  modulators  driving  hor¬ 
izontal  and  vertical  deflectors  are  line  type  pulsers  as 
shown  in  Figure  3.  Each  modulator  consists  of  two  EJ- 
type  pulse  forming  networks.  The  total  capacitance  is 
about  60nF  fori  /is  PFN,  and  220nF  for  3  fit  PFN. 
;In  proton  operation,  a  high  current  discharge  rate  is 
required  at  peak  energy.  Therefore,  we  selected  the 
EEy  C3X1572  thyratron  as  the  discharging  switch.  The 
au^tiliary  grid  supply  of  the  thyratron  is  floating  at 
the' PFN  high  voltage  level.  A  set  of  cables  is  used  to 
deliver  the  current  pulse  to  the  magnet  load  and 
matching  resistor  ,  inside  the  Booster  tunnel.  The  ihax- 
imum^  average  ;power  diMipation  of  each  tune  meter 
modulator  for  the  above  described  operation,  function 
during  the  proton  FEB  mode  or  heavy  ion  mode  is 
about  70  watt .  Solid  state  diode  stacks  are  used  to 
protect  power  supply  and  cables. 

At  normal  operation,  the  pulse  forming  network 
will  be  charged  up  right  before  discharge.  To  charge 
up  the  1  n»  PFN  to  20  kV,  the  time  is  less  than 
3.5’ m .  The  charging  time  of  3  fta  PFN  up  to  peak 
voltage  is  less  than  12  ms.  At  a  fast  pulse  repetition 
rate,  the  charging  supply  will  be  used  in  a  continuous 
operation  mode.  The  high  voltage  power  supply  peak 
charging  current  is  500  tnA .  .Mter  each  discharge, 
there -is  a  hundred  micro-second  high  voltage  output 
interruption  period,  which  is  an  internal  function  of 
the  power  supply.  This  gives  sufficient  time  to  allow 
thyratron  recovery.  A  new  command  voltage  level  can 


be  send  to  the  high  voltage  power  supply  for  the 
charging  of  next  pulse,  if  desirable.  During  test,  we 
have  obtained  a  maximum  pulse  repetition  rate  up  to 
200  pulses  per  second  (pps)  at  20  kV,  and  2000  pps  at 
2.5  kV.  Shown  in  Figure  4  is  the  PFN  charging 
waveforms  at  2000  pps.  This  fast  repetition  rate  will 
allow  the  further  functional  development  of  the  tune 
meter  kicker.  It  should  be  noticed  that  at  this  high 
repetition  rate,  average  power  dissipation  can  reach  up 
to  4  kWatt ,,  if  used  continuously.  The  system  is 
designed  for  70  watt  average  power  dissipation.  There 
are  four  70  watt  average  power  rated  resistors  used  in 
parallel  for  the  pulse  termination,  and  will  be  cooled 
by  forced  air.  Therefore,  The  high  repetition  rate 
operation  can  only  be  used  periodically  of  short  dura¬ 
tion  with  average  power  dissipation  not  exceeding 
70  watt . 


Figure  4.  PFN  charging  wave  form  at  2.5  kV, 
2000  pps  rate. 
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Figure  3.  Tune  meter  modulator  schematic  diagram. 
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Two  modulators  can  be  synchronized  or  can  be 
operated  asynchronously.  During  asynchronous  opera¬ 
tion  the  pulse  signal  and  noise  isolation  has  to  be  con¬ 
trolled,  to  avoid  fajse  triggering.  Shown  iri  Figure  5 
arc  the  PFN  charging  waveforms  of  the  horizontal  and 
vertical  modulators  triggered  32  ms  apart,  at  20  kV 
in  continuous  charging  mode, 

The  tune  meter  deflectors  are  the  picture  frame 
lumped  ferrite  magnets,  located  inside  the  sa.me 
vacuum  chamber.  The  inductance  of  the  horizontal 
magnet  is  1.8  nH,  and  the  vertical  magnet  is  1.6  /i//. 
Some  li-C  networks  are  used  for  pulse  front  compensa¬ 
tion.  The  pulse  rise  time  from  10%  to  fl0%  is  about 
i40  ns  for  short  pulse  and  250  ns  for  long  pulse.  The 
pulse  flat  top  at  90%  lever  b  >600  ns  for  short  pulse, 
and  about  3  //s  for  long  pulse.  . 


CMl  >  5U  «  2e»i  2.67  u?  C«1 

CM2  )  5U 


Figure  5.  PFN  charging  waveforms  at  20  kV, 
asynchronous  operation  mode. 


A  programmable  logic  controller  controls  both 
modulators,  high  voltage  power  supplies,  interlock  .sys¬ 
tems,-  arid  serves  as  a  local  remote  station  between 
main  control  and  modulators.  Based  on  the  standard¬ 
ized  AGS  power  supply  control  scheme,  we  use  TTL 
input  and  output  modules  for  remote  control  and. 
readback;  10—60  V  dc  input  and  output  modules  for 
high  voltage  power  supply,  modulator,  and  iiiterlock 
system  control  and  readback;  115  V  ac  output  module 
for  fast  £0  kV  high  voltage  relay  control.  The  different 
response  times  of  low  voltage  arid  high  voltage  devices 
and  possible  pulsed  noise  problems  have  been  put  into 
consideration  of  the  PLC  software  program  design. 
The  horizontal  and  vertical  tune  deflectors  are  usually 
pulsed  at  different  times.  However,  the  pulse  interac¬ 
tion  has  not  shown  to  be  a  problem  for  two 
synchronized/asynchronous  high  power  modulators 
sharing  the  same  PLC  input/output  modules. 

The  tune  meter  modulators  have  been  tested 
with  the  Booster  central  control,  and  powered  up  to 
their  maximum  ratings  with  dummy  coil  loads.  The 
installation  and  system  testing  are  in  progress. 
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mechanical  design  of  the  beam  current  transformers 

FOR  THE  HERA  PROTON  RING 


W  Schiitte  -  Deutsches  Elektrohen-Synchrotron  DESY,  Hamburg,  Germany 


Abstract 

the  warm  sections  of  the  HERA  proton 
ring  will  be  equipp^  with  three  DG  and  one 
^inbined  fast  and  inte^ting  current  monitor.  The 
toroids  and  associated  electronics  are  of  the  Klaus 
Unwr  type  [1].  Vacuum  chambers  with  a  DC  gap, 
good  RF  properties  and  a  maximum  bakeout 

temperature  of  300®C  are  designed.  The  toroids 
are  completely  passively  cooled  such  that  the 

toroid  temperature  will  not  exceed  7P°C  even  for 

tunnel  temperatures  of  50®C.  The  DC  monitor  also 
has  an  extra  5-layer  magnetic  shield  to  allow  high 
absolute  accuracy  in  a  varying  magnetic 
environment. 

I.  INTRODUCTION 

HERA  is  a  complex  of  an  820  GeV  proton 
accelerator  and  a  30  GeV^electron  accelerator  with 
three  common  interaction  regions  12].  Both  rings 
share  the  6.3  km  long  tunnel.  The  HERA  proton 
ring  itself  consists  of  four  "warm"  straight  sections 
operating  at  roughly  tunnel  temperature  and  the 
"cold"  arcs  with  their  superconducting  magnets  in 
a  continuous  cryostat.  All  current  monitors  are 
placed  in  the  wrnn  section  and  all  are  subject  to 

vacuum  bakeout  of  temperatures  up  to  300®C.  The 
proton  ring  will  contain  a  maximum  of  210 
bunches  in  220  rf  buckets.  Each  bunch  consists  of 
8  II 

a  few  times  10  up  to  10  protons.  The  bunches 
will  be  between  0.3  m  and  3  m  long. 

The  current  monitoring  system  has  to 
supply  the  following  information:  bunch  shape,  fill 
status  of  the  different  buckets,  total  beam  current 
and  beam  lifetime.  The  bunch  shape  is  measured 
by  two  coaxial  monitors  with  extremely  wide 
btuidwidth,  the  bucket  fill  status  is  measured  by 
fast  and  integrating  current  transformers  (FCT  & 
ICT)  and  the  last  two  properties  are  measured  by 
up  to  three  precision  DC  parametric  current  trans- 
foimers  (PCT).  All  three  types  of  transformer 
monitors  are  based  on  toroids.  The  toroids  with 
their  associated  electronics  were  developed  at 
CERN  [1]  and  built  by  Bergoz  in  Gex,  France  for 
us. 

In  the  following  the  design  of  the  beam 


current  transformers  shall  be  described.  They 
consist  of  the  vacuum  pipe  with  its  DC  gap,  two 
heating  jackets,  thermal  insulation,  a  heat 
dissipating  system,  the  toroid  and  in  the  case  of  the 
DC  monitor  of  a  good  magnetic  shielding. 

II.  THE  VACUUM  PIPE 

It  is  important  to  choose  a  minimum  pipe 
diameter  to  allow  a  simple  thermal  insulation.  Also 
one  needs  at  least  one  flange  of  moderate  size  to 
be  able  to  mount  and  dismount  the  transformer 

2 

without  hazardous  welding  work.  A  86  x  3  mm 
pipe  with  a  CA  100  conflat  flange  was  chosen  for 
the  assembly  side  of  the  pipe.  For  the  PETRA 
monitor  a  CDA  150  flange  was  necessary.  Here 
the  ring  of  the  conflat  flange  had  to  be  sawn  into 
two  pieces.  The  DC  gap  itself  consists  at  the 
vacuum  side  of  an  alumina  ring.  The  ceramic  is 
brazed  into  the  beampipe  shock  protected  by  a 
little  bellow  of  two  folds.  The  adjacent  fold  is 
made  of  a  copper  nickel  alloy.  It  nis  a  theimal 
expansion  coefficient  close  to  the  ceramic  one. 
Outside  is  a  fold  of  stainless  steel.  Besides  the 
added  protection  it  allows  to  get  the  difficult  and 
risky  weld  between  steel  and  the  copper  alloy  done 
early.  The  little,  quite  stiff  bellow  has  to  be 
relieved  from  all  forces  due  to  its  adjacent 
beampipes.  During  bakeout  the  forces  can  be  as 
high  as  50  kp.  The  mechanical  bypass  is  done  by 
the  space  saving  nut  design  shown  in  Fig.  1.  It 
adds  only  very  little  to  the  pipe  diameter.  The  DC 

gap  is  kept  by  a  Vespel^*^^  ring.  This  material 

withstands  routinely  temperatures  up  to  260°C 

(shortterm  up  to  480°C)  and  has  opposed  to 

Teflon^*^^  an  acceptable  radiation  resistance.  The 

alternative  Envex^^^  was  found  to  be  quite  brittle 
and  the  fragile  ring  for  the  DC  gap  is  much  more 
difficult  and  risky  to  machine  precisely.  The  cavity 
between  the  nut  and  the  ceramic  bellow  can  be 
accessed  from  the  outside  with  helium  gas  for  leak 
searching  by  a  thin  steel  pipe.  A  feature  necessary 
for  the  routine  operation  of  an  accelerator. 

Next  we  discuss  the  electrical  properties  of 
the  beampipe.  The  DC  gap  forms  with  the  nut 
design  an  electro  magnetical  cavity.  The  cavity 
was  made  as  small  as  possible  and  the  width  of 
DC  gaps  were  made  thin  to  reduce  the  mode  losses 
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Fig.  1  Bakabij  DC  Gap.  The  entire  con¬ 

struction  is  secured  by  a  stainless 
steel  nut  screwed  into  clamps 
isolated  to  the  pipe  by  two  thin  half 

rings  of  Vespel  An  extremely 
space  saving  design  with  good 
electrical  properties. 

of  the  beam  optimally.  Calculations  with  Urmel 
[4]  show  that  gaps  of  up  to  IQ  mm  together  with  a 
cavity  of  the  size  of  the  entire  toroid  would  still 
lead  to  acceptable  impedances  below  75  kQ.  At 
the  low  fr^uency  end  the  resistance  of  the 
beainpipe  has  to  be  less  than  1  Ohm.  This  is  done 
with  copper  braids  connecting  the  flanges  outside 
the  pick  up  body.  Obviously  they  need  a  good 
thermal  isolation.  Finally  the  pipe  should  not  act  as 
an  RF  transmitter.  This  is  prevented  by  the  thin 
long  Yssael  ring  and  the  capacitance  between  the 
pipes  of  roughly  0.2  nF. 

ni.  HEATING,  THERMAL  ISOLATION  AND 
HEAT  DISSIPATION 

The  current  monitor  station  design  allows 
beampipe  bakeout  at  temperatures  up  to  SOO^Ci  in 
a  50°C  warm  tunnel.  The  temperature  of  the  toroid 


iThe  vacuum  group  discusses  currently  to  reduce 
the  bakeout  temperature  to  moderate  200°C. 


will  not  exceed  70°C  due  to  a  totally  passive  and 
maintenance  free  isolation  and  cooling  system. 
This  is  wdl  below  the  maximum  temperature 

allowed  for  the  toroids  of  80°C.  Now  the  detailed 
description  o'  the  system  (see  Fig.  2):  Each  side  of 
the  beampipe  is  equiped  with  a  separate  heating 
sleave  and  a  sensor  to  allow  defined  bakeout 
temperatures  [5].  The  necessary  temperature 

gradient  of  more  than  220°C  requires  excellent 
insulation  over  a  very  limited  diameter  ranged.  For 
our  monitor  between  three  and  six  layers  of  3  mm 

Microtherm  panels  were  chosen  leading  to  a 
20-30  mm  thick  insulation.  It  has  a  heat 
conductivity  of  less  than  0.03  W/Km  in  our 
temperature  range.  This  is  roughly  a  factor  two 
smaller  than  still  air. 


Fig.  2  Thermal  design  of  the  beampipe. 

The  heating  jackets  around  the  pipe 
are  isolated  by  microterm.  The  heat 
is  conducted  by  the  inner  aluminium 
pipe  away  from  the  transformer  to 
the  two  radiators  and  outer  alumini¬ 
um  cylinder.  Also  the  5  layer  mag¬ 
netic  shield  of  the  CMPT  is  shown. 

After  getting  the  best  insulation  possible 
one  has  to  dissipate  the  heat  from  the  toroids 
efficiently.  Therefore  the  insulation  is  surrounded 
by  a  10  mrn  thick  aluminium  tube  to  allow  the 


^Although  the  more  space  would  be  helpful  in  our 
geometry  the  availability  of  considerably  more 
space  is  of  vanishing  return  in  cylindrical 
insulation  problems,  since  thicker  insulation  means 
higher  diameter  which  in  turn  leads  to  a  larger 
outer  dissipation  surface.  Here  only  a  material  with 
a  low  heat  conductivity  helps. 
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heat  Jtp  flow  out  of  the  well,  isolated  toroidal  area. 
The  heat  is  then  ttansmitted  to  the  tunnel  air  by 
t\y6  large  cooling  radiators  on  both  sides  of  the 
tube.  We  chose  the  same  radiator  type  as  used  for 
medium  sized  electronic  devices.  Also  the  outer 
aluminium  cover  cylinder  of  the  toroids  constitutes 
an  efficient  radiator  due  to  its  good  thermal 
connection  to-the  inner  aluminium  tube.  The  entire 

layout  requires  for  a  3(X)°C  hot  beam  pipe  a  tunnel 

temperature  less  than  20°C  below  the  maximum 
toroid  temperature.  This  should  be  even  sufficient 
for  the  high  tunnel  temperature  during  bakeout 
after  a  long  electron  run  at  highest  energies.  As  an 
added  measure  of  safety  there  are  two  thermo 
relais  in  series  which  allow  a  maximum  tempera¬ 
ture  of  67°C  for  the  inner  aluminium  tube  close  to 
the  toroids.  A  higher  temperature  will  stop  the 
heating  of  the  monitor  and  the  adjacent  parts  and 
an  alarm  will  be  sent  to  the  vacuum  controls. 

IV.  MAGNETIC  SHIELDING 

The  DC  stations  need  a  good  shielding 
against  the  varying  magnetic  fields  of  up  to  a  few 
GauB  in  its  tunnel  environment.  It  is  basically  done 
by  five  concentric  Mu  metal  cylinders  297  mm 
long  and  1  mm  thick.  Between  adjacent  cylinders 
there  are  air  gaps  of  approximately  4  mm.  The 
opening  of  the  inner  cylinder  could  only  be  closed 
a  little  because  of  the  10  mm  aluminium  tube  for 
heat  dissipation.  The  possible  shielding  of  this 
setting  is  entirely  limited  to  geometry  and  not  to 
the  quality  of  the  shielding  material  anymore.  It  is 
for  the  important  transversal  magnetic  fields  up  to 
50  Hz  better  than  a  factor  100.  The  DC  station  for 
the  PETRA  II  bypass  with  its  extremly  powerful 
current  bars  has  added  shielding  with  MU  metal 
foils  down  to  the  beampipe.  This  was  here  and  it  is 
for  the  one  in  DESY  III  possible  because  their 
vacuum  systems  do  not  require  a  bakeout.  In  the 
design  of  the  station  we  had  to  allow  for  tolerances 
of  the  cylinders  higher  than  usual  in  mechanical 
engineering.  They  gave  rise  to  quite  a  bit  of  touch 
up  work  and  improvisations  during  the  final 
assembly  stage. 

V.  READOUT 

The  fast  and  integrating  current  monitor  is 
located  in  HERA  directly  after  the  proton  injection 
roughly  100  m  inside  the  tunnel.  It  is  connected  to 
the  control  room  West  with  two  7/8"  coax  cables 
for  low  losses  over  the  long  distance.  The  signals 
are  fed  into  a  400  MHz  digital  scope,  which  can  be 
accessed  by  the  main  control  room  via  a  GPIB 


bus.  The  scope  screen  is  observed  by  a  CCD 
camera  and  the  video  signal  transmitted  by  optical 
cables  to  a  screen  in  the  main  control  room. 

For  the  DC  station  the  front  end  electronics 
is  placed  in  a  concrete  shielded  electronics  tunnel 
within  the  storage  ring  tunnel  next  to  the  pick  up 
station.  Also  quite  some  lead  (15  -  30  mm)  is 
required  to  keep  the  maximum  radiation  dose 
below  the  maximum  allowed  1000  Rad.  A  long 
cable  with  many  single  shielded  twisted  pairs 
connects  it  then  with  the  control  room  in  the 
closest  experimental  hall.  The  first  HERA  DC 
station  will  be  digitized  by  a  precision  voltmeter 
and  read  out  via  GPIB.  The  PETRA  station  signal 
is  transmitted  via  V/f  and  f/V  converters  to  the 
main  control  room.  For  DESY  III  a  direct 
transmission  via  a  line  driver  was  for  the 
beginning  sufficient.  Here  one  wishes  for  the 
future  a  computer  readout  to  allow  a  display  of  the 
actual  number  of  particles,  since  the  current 
changes  a  factor  of  three  just  due  to  the 
acceleration  of  the  modest  energy  protons.  For 
both  DESY  III  and  PETRA  II  the  DC  monitors 
were  found  to  be  of  vital  importance. 
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BETATOON  TUT®  MEASUREMEOT  HERA  PROTON  STORAGE  RiNG 


S:Herb 

Deutsches  Elektronen-Synchrotron  DESY 
2000iHarhburg  52  -  NpAestrasse  ,85  -  Germany 


,  Abstradt: 

We  describe  theisystera  pf  pickups,  kickersi 
^d‘  controls  ^yhich  have  been  built  for  betatron 
^tiine  meastirements  in  the  HERA  proton  ring.  The 
Schottky-t^e  resonant  pickups  should  provide 
■high  sensitivity  over  the  full  range  of  beam 
cuifehts  to  be  used  in;  HERA. 


resonant  frequency  can  be  measured.  The  other  is 
a  Small  split  plate  capacitor  which  effectively 
adjusts  the  electrical  center  of  the  monitor,  it  is 
hoped  that  this  can  be  used  to  correct  for  the  orbit 
offset  of  the  beam  in  the  monitor.  One 
consequence  of  the  resonant  detector  circuit  is  that 
the  monitor  output  is  an  average  over  all  bunches 
in  the  machine. 


L  INTRODUCTION 

The  HERA  supercpnducting  magnet  storage 
ring  will  accelerate  protons  from  40  to  820  GeV 
where  they  will  be  stored  and  collided  against 
30  GeY  electrons;  the  design  fill  is  200  bunches  of 

10^  protons  spaced  97  nsec  apart.  The  tune 
mea%einent  system  must  operate  well  in  several 
very  different  regimes;  for  luminosity  operation 
the  system  should  be  sensitive  to  very  small 
oscillation  amplitudes,  so  that  emittance  growth 
resulting  from  excitation  of  the  bunches  will  be 
minimized.  During  setup  of  the  machine  very  low 
beam  cvuirents  will  be  used  to  avoid  quenches  of 
the  superconducting  magnets,  but  modest 
emittance  growth  will  be  acceptable,  and  strong 
excitation  may  compensate  for  the  small  currents. 
Another  special  consideration  comes  from  the 
large  field  errors  caused  by  superconducting 
persistent  currents  at  and  near  injection  energy, 
which  will  cause  significant  shifts  in  both  the 
betatron  tunes  and  the  chromaticities. 

n.  PICKUP  AND  ELECTRONICS 

Two  pick-ups  (horizontal  and  vertical)  are 
mounted  in  the  West  straight  section  of  HERA;  the 
design  (Fig.  1)  is  based  on  the  Schottky  monitors 
built  for  the  CERN  SPS  proton  collider  [1].  Two 
3  m  long  electrodes  couple  capacitively  to  the 
beam  and  form  a  resonant  circuit  with  an  external 
coil.  A  secondary  loop  couples  the  signal  to  a 
50  Q,  semi-rigid  cable  which  ends  at  an  electronics 
rack  in  the  Halle  West  service  building.  The 
monitors  have  nominal  resonant  frequency 
8.31  MHz  and  a  loaded  Q  factor  of  about  180. 

Fig.  2  shows  an  equivalent  circuit.  The  inductor 
is  in  a  closed  can  which  also  contains  two  variable 
capacitors  driven  by  external  stepping  motors.  One 
is  used  to  tune  the  resonant  frequency;  a  small  coil 
permits  injection  of  a  test  signal  so  that  the 


Fig.  1  Cross-section  of  the  vertical  monitor 

showing  connection  of  the 
electrodes  to  feedthroughs  leading 
to  the  inductor  can. 


PICKUP  INDUCED 
ELECTRODES  CHARGE 


CENTER  FREQ  SHUNT  COIL 
ADJUST  ADJUST  RESISTANCE 


20  pF  60  pF 


15  pF  R:60pF  20kOHH  %2pH 


Fig.  2  Effective  circuit  for  the  monitor. 

The  loading  from  the  output  loop  is 
included  in  the  shunt  resistance. 


Fig.  3  is  a  schematic  of  the  electronics 
chain,  which  is  based  on  a  pair  of  8  pole  20  kHz 
bandwidth  elliptic  quartz  filters  which  attenuate 
the  bunch  revolution  harmonic  at  8.325  MHz  while 
passing  lower  sidebands.  The  proton  revolution 
frequency  of  47.3  kHz  changes  by  about  0.03% 
during  acceleration,  which  moves  the  revolution 
harmonic  by  2.3  kHz  with  respect  to  the  passband. 
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At  40  GeV  this  permits  operation  within  4.3  kHz 
of  the  revolution  hanhonic  ((iQ  =  0.08)  while 
giving  75  dB  attenuation  at  6  Hz  offset  and  at 
820  GeV  6.6  kHz  (dQ  =  0.14)  and  more  than 
100  dB  attenuation.  Because  the  system  lias  no 
^nt  end  mixer  or  amplifier  it  is  extremely 
insensitive  to  signals  outside  the  passband.  After 
amplification  the  signal  is  detected  by  mixing  with 
an  8.33  MHz  source  generated  from  the  208  MHz 
HERARF. 


_ /0\  JO 

PASS  r|^  PASS  r|^  PASS  r 

OOdB  8.31  MHi  *30  dB  |  25  kHz  *30  dB 


r^n 

Fig.  3  Schematic  of  the  electronics  chain 
for  the  monitor 


III.  EXCITATION  KICKER  SYSTEM 

The  kicker  system  is  a  copy  of  that 
designed  for.  transverse  feedback  on  electrons  in 
PETRA  [2],  and  uses  broadband  50  Q  ferrite 
magnets  driven  by  1  kW  amplifiers  to  give  an 
integrated  field  of  1  Gauss-m  at  peak  power.  The 
excitation  signal  is  generated  from  a  low  frequency 
waveform  which  is  mixed  with  an  RF  signal 
created  from  the  208  MHz  HERA  RF  frequency, 
giving  a  single  sideband  output  at  2.1  MHz,  which 
is  a  multibunch  alias  of  the  8.33  MHz  monitor 
frequency.  In  the  initial  setup  no  time  gating  will 
be  used,  so  that  the  kicker  will  excite  all  bunches 
in  the  machine;  it  is  planned  to  use  a  sweep 
waveform  (as  for  PETRA)  or  bandwidth-limited 
noise. 

IV.  CONTROL  SYSTEM 

The  low  frequency  signals  for  the  kicker 
and  from  the  detector  are  connected  to  the  HERA 
control  room  over  about  500  m  of  RG-213  cable. 
Both  generation  of  the  waveform  for  the  kicker 
aiid  Fourier  Transform  processing  of  the  detected 
signal  are  performed  on  processor  cards  which  sit 
on  the  AT  bus  of  the  personal  computer  used  for 
control  and  display.  The  computer  system  is  very 
similar  to  that  of  PETRA  [3],  and  could  also  be 
used  for  active  control  of  the  tunes  if  that  becomes 
desirable. 


V.  MONITOR  IMPEDANCE 

A  general  concern  for  the  HERAprotoii 
ring  is  that  beam  diagnostic  devices  may  support 
high  Q  resonant  modes  which  couple  strongly  to 
the  beam,  leading  to  instabilities  of  excessive 
heating  when  large  beam  currents  are  circulating, 
and  a  criterion  was  set  that  devices  installed  in 
HERA  should  not  have  any  modes  with 
longitudinal  impedances  larger  than  100  kO  [4]. 
MAFIA  computer  simulations  were  performed  and 
laboratory  measurements  were  made  of  Q  and 
(using  a  bead-pull  apparatus)  of  R/Q.  The  largest 
impedance  measured  was  22  kQ  for  an  antenna 
mode  at  43  MHz,  so  the  monitor  satisfies  the  limit, 
but  heating  could  be  excessive  if  this  or  any  of 
several  other  modes  with  impedances  above  1  kQ 
coincide  with  one  of  the  multiples  of  the 
10.3  MHz  bunch  spacing  frequency  which 
dominate  the  power  spectrum  for  the  200  bunch 
filling  of  HERA.  Since  it  is  possible  to  measure 
these  modes  (and  modify  them  by  changing  the 
coil  inductance)  after  the  monitors  have  been 
installed  in  HERA  this  should  not  be  a  severe 
problem. 

VI.  OPERATION 

Boussard  [5]  gives  a  formula  for  sensitivity 
of  the  monitor  which  predicts  about  7  Q/mm  (for 
optimal  coupling  of  the  signal).  This  must  be 
compared  to  noise  in  the  electronics  chain; 
assuming  10  dB  S/N  degradation  gives  an  effective 
input  noise  level  at  50  Q  of  3  nv/^Hz.  Thus  in  a 

100  Hz  frequency  band  a  bunch  with  10^^  protons 
should  yield  a  signal  at  the  noise  level  for 
oscillation  amplitude  8  nm,  and  sensitivity  will 
increase  in  proportion  to  total  beam  current.  If 
excitation  at  these  levels  is  sufficient,  emittance 
growth  due  to  the  kicker  will  not  be  an  issue.  The 
experience  at  the  SPS  collider  and  FERMILAB  has 
been  that  when  the  machine  is  first  turned  on, 
many  larger  sources  of  excitation  will  be  present 
and  the  monitor  must  be  used  first  to  diagnose  and 
eliminate  them  [6]. 

A  more  relevant  requirement  for  initial 
operation  of  HERA  is  that  the  system  provide  a 
signal  20  dB  above  background  for  a  bunch  with 

g 

2  X  10  protons,  corresponding  to  amplitude  4  ^m, 
or  more  if  extra  noise  is  present.  This  sets  a  scale 
for  the  excitation.  The  1  Gauss-m  maximum  field 
integral  of  the  kickers  results,  at  820  GeV,  in  an 
oscillation  amplitude  of  about  1  jU  at  the  monitors; 
thus  a  resonant  excitation  over  20-40  turns  should 
easily  provide  an  observable  signal. 
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Because  of  the  low  fields  in  the  supercon¬ 
ducting  magnets  at  injection  energy,  the  compli¬ 
cated  persistent  current  effects  observed  in  such 
magnets  make  large  contributions  to  the  multipole 
field  content.  This  results  in  tracking  errors 
between  the  dipole  and  quadrupole  fields  during 
initial  acceleration  and  in  large  magnet  history 
dependent  sextupole  fields  which  must  be 
cancelled  using  correction  sextupole  circuits.  For 
tracking,  the  ability  of  the  personal  computer 
system  to  make  disk  recordings  of  the  tune  during 
the  ramp  should  be  useful.  It  is  also  planned  that 
the  PC  will  be  able  to  insert  small  changes  in  the 
HERA  ,RF  frequency  (±  400  Hz)  so  that  measure¬ 
ment  of:  the  chromaticity  can  be  automated. 

A  crucial  point  is  correction  of  the  tracking 
errors  during  acceleration;  as  for  PETRA  this  must 
be  supplied  by  circuits  outside  of  the  primary 
magnet  control  system.  The  philosophy  used  for 
the  PETRA  proton  machine  is  that  repeatable  or 
predictable  errors  should  be  handled  by 
programmed  corrections  rather  than  by  feedback 
circuits  so  that  successful  operation  of  the  machine 
does  not  depend  on  perfect  operation  of  the  tune 
measurement  system.  It  is  hoped  that  this  approach 
will  also  be  useful  for  HERA,  however,  the  use  of 
the  personal  computer  should  also  permit  a  flexible 
mixture  of  programmed  and  feedback  tune 
corrections  if  this  is  required. 

VII.  EARLY  RESULTS 


5  show  tune  measurements  taken  for  two  different 
settings  of  a  quadrupole  bus,  with  one  bunch  of 

10^  protons.  The  beam  excitation  kicker  is  turned 
off,  so  the  signals  come  front  unknown  excitation 
sources  in  the  accelerator  (with  the  exception  of 
the  low  frequency  noise  below  the  4  kHz  cutoff  of 
the  filter  passbands,  which  is  pick-up  of  AC  line 
harmonics).  The  peak  amplitude  of  the  horizontal 
signal  at  6.9  kHz  (q  =  0.14)  in  Fig.  4  corresponds 

/V 

to  an  oscillation  amplitude  at  the  monitor  of  about 

10  ^m. 
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Fig.  5  Tune  spectra  without  excitation 
kicker  for  q  =  0.24  and  q  =  0.14. 

A  y 


The  first  test  of  HERA  with  circulating 
protons  has  recently  been  concluded.  Figures  4  and 


Fig.  4  Tune  spectra  from  0  to  20  kHz, 
without  excitation  kicker.  The  upper 
trace  comes  from  the  horizontal,  and 
the  lower  from  the  vertical  monitor. 
The  tune  values  are  q  =  0.14  and 

A 


q 


y 


=  0.18. 
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Abstract 

A  Real  Time  Spectrum  Analyzer  (RTSA)  has  been 
designed  for  the  50  MeV  RF  linac  of  the  free  electron  laser 
named  CLIO®.  It  displays  in  real  time  the  beam  distribution  in 
2  dimensions  :  encrgy-and  time  with  a  resolution  of  0.3  % 
and  64  sampled  times  respectively  during  the  macropulse. 
RTSA  is  based  on  an  optical  transition  radiation  converter  and 
linear  diode  array.  It  allows  to  measure  the  beam  energy 
disuibution  along  the  macropulse  with  and  without  laser 
oscillation.  RTSA  includes  in  the. same  frame  a  32  channels 
transient  recorder  and  a  digital  oscilloscope  with  8  bit 
amplitude  resolution.  It  offers  multiple  presentation :  1  to  128 
curves  can.be  displayed  simultaneously  in  montain  View  (3 
D).  Preliminary  tests  on  a  20  MeV  linac  facility  are  reported. 
Ttie  results  show  the  unique  capabilities  of  pur  device  to 
identify  so  as  to  correct  the  various  instabilities  that  may 
appear  on  the  operation  of  an  RF  linac.  This  is  particulary 
useful  for  a  FEL  dedicated  linac  where  the  beam  stability  is 
crucial. 

I.  INTRODUCTION 

In  a  RF  linac  dedicated  to  free  electron  laser  (FEL),  the 
laser  oscillation  gain  depends  on  some  electron  beam 
parameters  quality,  as  energy  spread  by  the  particles  in  the 
bunch.  The  optimum  can  be  obtained  if  the  operator,  in 
control  room,  has  opportunity  to  observe  in  a  real-time 
display  the  consequences  of  the  different  parameter 
adjusicmcnt.  The  Real  Time  Spectrum  Analyzer  (RTSA)  has 
been  designed  for  this  with  good  lime  efficiency.  The  RTSA 
has  full  time  response,  for  both  storage  data  and  full  graphical 
representations,  in  less  than  human  reflex  i.c.  <  0.1  second. 

II.  DESCRIPTION 

The  first  clement  of  the  RTSA  [1]  is  the  bending  magnet 
which  extracts  the  elecU'on  beam  of  die  FEL  optical  cavity.  It 
gives  the  horizontal  special  dispersion  for  the  different 
energies  particles  in  the  beam. 

The  beam  goes  through  s  an  Optical  Transition  Radiator 
converter  (OTR)  made  oLa  thin  aluminum  foil.  This  foil  is 
stretched  in  a  circular  support,  perpendicular  horizontally  to 
the  nominal  beam  direction,  vertically  inclined  at  45®. 

The  backward  OTR  at  the  specular  angle  is  extracted 
through  a  sapphire  window.  The  light  is  transmitted  dirough  a 
large  aperture  achromatic  lens.  The  image  of  the  dispersed 
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beam  is  focused  vertically  by  a  cylindrical  lens  in  a  linear  32 
photodiode  anay. 

With  a  horizontal  magnification  of  one,  the  energy 
resolution  is  0.32  %  and  the  total  limit  scale,  10  %. 

Every  photodiode  has  an  adaptative  amplifier  with  gain 
adjustment  (that  gives  possibility  to  control  the  sensitivity  of 
the  32  photodiodes)  and  a  50Q  feed  through  coaxial  cable 
bringing  the  signal  to  the  control  room. 

All  of  the  elements  located  m  the  radiative  room  are 
.protected  by  appropriate  shielding.  8  coaxials  of  successive 
photodiode  signals;. arc  put  together  in  15  meters  double 
shielded  cable  so  as  to  suppress  parasitic  noise  due  to  the 
E.M.  induction  synchronized  with  useful  signal  like  klystron 
modulator  pulse.  4  identical  cables  go  through  the  shicjded 
wall  to  the  control  room  in  a  double  Europe  G64  crate  which 
contains  the  hardware  cards.  The  laiicrs  arc  managed  by  a 
68000  microprocessor  card  supporting  0S9  operating  system. 
The  software  application  has  been  developpcd  in  C  language 
and  based  on  default  procedures  as  well  as  specialized  keys. 
Overall  view  of  the  general  architecture  is  shown  on  fig.  1. 

A.  Specific  cards 

A.l.  Acquisition  cards  :  Each  card  include  8  identical 
channels,  they  arc  designed  in  order  to  digitalise  and  memorise 
the  analogic  photodiode  signals.  A  channel  is  made  of ; 

•  An  adaptative  amplifier  which  provides  separation 
between  the  input  and  A/D  converter. 

•  A  sampling  stage  with  a  8  bits  flash  A/D  converter 
which  operates  at  6.4  MHz  rate  in  a  burst  of  64  samples 
during  the  macropulse  of  the  linac  gun  current. 

-  Then  a  storage  memory  is  given  with  a  depth  of  8  K  8 
bit  RAM  for  128  linac  macropulscs  capability. 

-  Common  adjustable  flash  A/D  reference  voltages  arc 
given  by  an  annex  card, 

.  In  acquisition  mode,  rlata  arc  loading  iii  parrallel  for 
the  32  channels. 

.  In  reading  and  acquisition  inodes,  data  are  conirolcd 
via  specific  fast  bus  by  synchro  t  Idrcss  card  and  transfered  to 
the  xzy  card. 

A. 2.  Svnehrofaddressin p  cord :  this  double  access 
card  is  progranlmable  by  the  microprocessor  on  the  G64  Bus. 
Synchronization,  address  and  control  signals  are  supplied  to 
steer  acquisition  and  display  states  by  the  specific  fast  bus. 

A. 3.  XYZ  card  :  Visualisation  on  a  xyz  general 
purpose  monitor  and  transfer  via  a  Fifo  in  RAM  disc  of  the 
data  arc  the  two  functions  of  tliis  ctu-d.  Data  flow  coming  from 
the  acquisition  cards  arc  treated  to  generate  1  to  128  curves 
made  of  32-64  or  128  points  each,  according  to  the  type  of 
analysis  wished  (spectrum  or  temporal).  Z  axe  is  the  video 
brightness.  X  and  Y  features  axes  are  entirely  programmable 
through  the  G64  Bus  and  we  can  act  on  the  amplitude,  the 
depth  (for  3D  presentation),  the  space  and  widtli  of  the  curves. 
The.soflware  ensures  a  default  configuration  for  etich  picture  of 
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Figure  1 :  Real  Time  Spectrum  Analy/xr  architecture. 


Figure  2 : 

Expected  energy  profile  during  the  macropulse  every  156  ns 
sample  time.  The  total  energy  scale  is  3  . 

e  A  time 


energy 


Figure  3  : 

Energy  spreading  for  particular  sample  time.  Every  dot 
corresponding  at  one  photodiode  signal  and  0.1  %  of  energy 
dispersion. 
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points.  X,  arid  Z  output  mplitudes  are  settled  to  supply  a 
5  MHz  bandwidth  oscilloscope.  Total  view  refreshed  by 
rcciMent  read  memory  suppress  unpleasant  flicker  and  gives  a 
good  brightness. 

,B.. Standard-Cards 

Standard  microprocessor  and  extension  Ram  of  Prom  are 
needed  to  operate  the  system.  . Software  application  is  in  the 
extensibfi  Prom  and  Ram  and  are  used  for  the  safekeeping  data. 
Exploitation  of  the  whole  may  be  done  either  through  a 
terminal  (yTlOO-200...)  or  a  little  keyboard  with  8  rows  of  40 
characters. 

;C.  Hardware  and  software  design 

Hardware  and  software  are  designed  to  support  varied 
acquisition  and  display  modes  as  well  as  transfer  and  optional 
functions.  Users,  choosing  different  "menus"  realize  the 
desired  orders  indcpendantly  of  the  running  acquisition  or 
display  state.  Three  types  of  acquisition  arc  allowed  and  all  of 
them  are  released  by  a  synchro  pulse  coming  from  the  Linac 
machine. 

a)  Recurrent  Mode 

Each  macropulse  (10  |rs  Icnght)  is  numcrised  and  unfold 
the.  previous  one.  Spectrum  or  oscilloscopic  display  is  offered 
in  real  time  until  the  operator  decide  an  another  mode. 

b)  Single  mode 

Only  one  macropulse  is  acquired  and  displayed  in  a 
permanent  way. 

c)  Multipulse  mode 

We  numcrisc  128  macroqmlscs  (10  ps  Icnght  -50  Hz 
repetition)  while  displaying  each  one  tlten  wire  automatic  stop 
and  cyclic  display  (on  the  128  macro-pulses)  occurs. 

Remembering  that  each  macro-pulse  is  numcrised  in  (W 
samples  on  32  energy  bandwidths  and  this  for  128 
macropulses,  6  rriodes  of  visualisation  are  possible,  offering  2 
spectra  or  4  temporal  analysis  ways.  By  default,  spectrum 
display  takes  place.  Some  options  make  exploitation  easier 
such  as  overbrightness  x  and/or  y  axes,  to  select  curve  for 
zooming  or  to  access  other  viewes,  curves  number  and 
extension,  3  dimension  presentation,  delayed  acquisition  and 
.so  on. 

Remarks : 

1)  Analysis  time  can  be  extended  by  masking  2  to  127 
synchro  pulses  of  linac. 

2)  By  a  single  32  input  relays  commutator  we  can  observe 
32  different  scaled  signals  given  by  pick-up  along  the  linac 
like  :  intensity,  xy  positions,  transverse  sizes,  direct  and 
reflected  RF  power  in  the  different  accelerating  structures,  and 
so  on. 

We  have  tested  [2]  the  RTSA  on  LAL  20  MeV  linac 
facility^*).  The  sensitivity  according  to  the  prediction  [3],  [4] 
is  less  tlian  a  factor  2.  (Results  are  affected  by  the  lack  of  the 
definitive  mechanical  device). 


NEPAL :  Nouvelles  experiences  pour  les  Accelerateurs 
Lin^aires. 


The  total  noise  is  equivalent  to  0,1  mA  (CLIO  nomirial 
macropulse  current  is  200  mA  RMS). 

With  the  RTSA  we  have  detected  in  the  discret  delay  line 
of  the  modulator  klystron,  a  bad  adjustment  of  the  sefs  wich 
gives  an  oscillation  in  the  beam  energy  particles  during-  the 
macropulse  (See  fig.  2). 

The  best  resolution  obtained  at  one  precise  time  during. the 
macropulse  is  0.2  %  (See  fig.  3). 

III.  CONCLUSION 

The  RTSA  helps  to  obtain  the  optimum  Linac 
adjustments  and  to  observe  different  types  of- instability,  i.c. 
temperature  variations,  magnitude  and  phase  fluctuation  of  the 
RF  power  klystron,  and  so  on.  Its  use  on  the  CLIO  machine 
will  not  miss  to  be  effective  as  far  as  adjustment  optimisation 
and  prc-rccordcd  rieatment  of  the  energy  spraid  arc  concerned . 
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Abstract 

this  paper  describes  a  synthesizer  scheme  combining 
digital  and  analog  synthesizer  techniques  to  allow  tracking  of 
signals  during  federation.  Virtually  any  ratio  of  synthesizer 
to  beam  revolution  frequency  may  be  generated  by  this 
f  heme.  Details  of  hardware  and  measurement  results  are 
presented. 

I.  INTRODUCTION 

In  low  and  medium  energy  synchrotrons  the  beam 
revolution  frequency  changes  by  a  large  factor  during  the 
acceleration  process.  High  production  rates  require  that  these 
mf  hines  cycle  r^idly.  In  attempting  to  diagnose  instabilities 
which  devdop  during  the  acceleration  process  it  is  useful  to  be 
able  to  select  some  frequency  segment  between  revolution 
harmonics  for  viewing,  Most  types  of  test  equipment 
ojKtating  in  the  frequency  domain,  such  as  ^trum  analyzm 
and  network  analyzers,  are  not  suited  to  making  direct 
measurements  on  such  rapidly  sweeping  signals.  Ideally,  erne 
would  want  to  set  the  frequency  frame  of  reference  to  the  spot 
in:  the  accelerating  revolution  harmonic  domain  where  the 
measurements  are  to  be  made,  A  scheme  using  a  direct  digital 
synthesizer  (DDS)  was  developed  to  provide  this  moving 
rderence  frame. 


n.  THEORY  OF  OPERATION 
The  key  to  this  tracking  scheme  is  a  DDS  is  used  as  an 
arbitrary  ratio  generator.  Any  type  of  frequency  synthesizer 
and  even  digital  divider  circuits  can  be  used  to  generate  an 
output  frequency  which  is  prt^xxtional  to  the  input  frequency. 
For  example,  a  phase  locked  loop  (PLL)  synthesizer  generates 
an  output  which  is  related  to  the  input  clock  frequency  as 

Pout=(Pclock*J)/K  (1) 

where  J  and  k  <Jrc.  bitegers,  typically 
1  ^  J,  K  <  . 


^Operated  by  Universities  ReseaKh  Association  Inc.,  under 
contract  with  the  U.3.  . Department  of  Energy. 


Even  though  the  frequency  resolution  of  a  PLL  circuit 
would  be  sufficient  for  many  applications,  the  main 
disadvantage  fw  frnc  steps  is  the  analog  bandwidth  of  the  loop 
filter  must  be  proportionately  narrow.  This  results  in  long 
settling  times  and  frequency  errors  when  attempting  to  lock  to 
a  rapidly  sweeping  clock  frequency.  The  output  phase  noise  of 
a  PLL  synthesizer  incre^  if  the  loop  is  disturb^. 

The  DDS  consists  of  digital  ad^rs,  latches  to  hold  the 
ouqiut  of  the  adders,  some  type  of  sine  conversion  (a  lookup 
table  or  algorithm),  an  output  digital  to  analog  convertor 
(DAC)  connected  to  the  most  significant  bits,  and  (usually)  an 
uialog  low  pass  filter  [1],  The  system  bandwidth  is  high  and 
the  total  delay  through  the  synth^zer  is  primarily  due  to  the 
ouQHit  filter.  The  closedn  phase  noise  on  the  ouQMit  of  the 
DDS  is  equal  to  that  of  the  input  clock.  The  input  digital 
word  sets  the  phase  accumulation  per  clock  cycle  and  the  rate 
at  which  the  l^h  is  clocked  sets  the  phase  update  rate.  Thus 
the  output  frequency  is  determined  by  the  input  digital  word 
and  the  latch  clock  rate.  The  DDS  output  frequency  can  be 
expressed  as 

l'o«'(Fctodc*N)/2“  W 

where  F^ock  ^  frequency  and  N  is  the 

digital  input  wtxd  value  which  can  be  any  integer  between  0 
and  2^4.  M  is  32  for  most  commercially  available  units. 
One  can  see  that  virtually  any  ratio  of  input  to  output 
frequencies  can  be  created.  The  number  of  bits  used  in  the 
output  DAC  determines  the  signal  to  spurious  ratio  (6  dB  per 
bit).  Low  frequency  DDS  units  typically  use  12  bit  DACs  and 
high  frrequency  units  use  10  bit  or  8  bit  DACs.  The  primary 
limitation  of  the  clock  speed  is  the  DAC.  A  practical  limit  to 
the  output  frequency  of  the  DDS  is  roughly  0.4  times  the 
clock  rate.  A  low  pass  filter  is  required  on  the  output  to  reduce 
clock  harmonics  and  the  upper  image.  This  image  frequency 
behaves  as 

image  clock  ■I’ out  • 

Equ.  3  shows  that  as  the  input  digital  word  value  increases 
(causing  an  increase  in  output  frequency  for  a  given  clock  rate) 
the  image  frequency  will  decrease  in  frequency  until  the  two 
signals  eventually  meet  at  half  of  the  clock  frequency.  One 
could  use  this  image  frequency  for  driving  test  equipment  if 
frequencies  are  needed  above  half  the  clock  rate.  Other  methods 


0-7803-013S-8/91S01.00  ©IHEE 


1228 


of  obuu^g  higher  ou^ut  frequencies  are  to  lise  frequency 
multipliers*  before  after  t^e  DDS  unit.  These  will  be 
fussed  in  the  next  ^tiph. 

The  net  result  of  this  isM  the  input  clock  frequency  is  a 
harmonic  of  the  beam  revolution  fi^uency  then  the  output 
frequency  will  also  track  proportionally.  One  can  set  the 
digital  input  word  of  the  DDS  to  the  desired  value  and  clock 
the  unit  Item  the  accelerator  RF  system  and  generate  signals 
which  will  track  with  the  accelerating  frequency  domain. 


m.  HARDWARE  IMPLEMENTATION 

The  initial  test  unit  used  a  Qualcomm  2334  DDS 
evaluation  board  [2].  The  DDS  chip  used  has  a  maximum 
iMommended  clock  rate  of  SO  MHz  (although  our  particular 
unit  runs  fine  up  to  54  MHis)  and  the  input  frequency  wra’d  is 
entered  from  a  standard  computer  terminal  through  an  RS-232 
poit  on  the  board.  A 10  bit  DAC  provides  better  than  60  dB 
signal  to  spurious  ratio  at  the  output  The  evaluation  board 
was  designed  for  30  MHz  operation  and  therefore  has  a  12 
MHz  tow  ^s  filter  installed.  Most  prdiminary  tests  were 
done  below  this  frequency. 

Eventually  it  was  desirable  to  generate  frequencies  above  12 
MHz  and  so  two  external  tripler  circuits  were  added  for  higher 
frequency  tests.  The  triplets  tended  to  be  difficult  to  align  and 
the  ouqwt  contained  many  harmonics  and  sub^harmonics  so  a 
PLL  output  multiplier  was  used  on  later  circuits.  It  is 
perfectly  acceptable  to  use  a  PLL  at  this  point  in  the  circuit 
because  the  DDS  has  taken  care  of  the  One  resolution 
requirements  and  provides  the  nx  with  a  reference  frequency 
of  a  few  MHz.  The  HX  filter  can  be  faddy  broadband  and  thi^ 
will  track  the  changing  clock  frequency  very  accurately.  There 
is  some  degradation  of  output  signal  to  noise  ratio  but  it  is 
still  within  the  requirements  of  the  system. 

The  various  components  required  for  the  tracking 
synthesizer  are  incorporated  into  a  {Hinted  circuit  board  version 
which  uses  an  STEL-137SA  DDS  unit  and  a  Qualcomm 
Q3036  PLL  as  the  main  components  [3],  [4].  Input  buffers 
allow  for  frequency  {mgramming  either  from  a  32  bit  parallel . 
input  or  from  a  micrcqirocessor  bus  conEguration.  The  PLL 
multiplier  value  is  set  using  on  board  DIP  switches.  The 
board  configuration  allows  for  outputs  to  be  generated  directly 
from  the  DDS  unit  or  from  the  PLL  voltage  controlled 
oscillator  (VCO).  For  most  of  our  applications  the  Motorola 
MC1648  VCO  chip  is  adequate  for  the  desired  frequency  range. 
Other  commercial  VCO  units  could  be  substituted  for  higher 
frequency  o{>eration  [5].  A  simplified  block  diagram  of  the 
tracking  synthesizer  board  is  shown  in  Fig.  1.  Table  1  lists 
the  synthesizer  parameters.  The  addition  of  a  multiplier 
(before  or)  after  the  DDS  increases  the  minimum  step  size  by 
the  multiplication  factor.  In  most  cases  this  is  not  a  problem. 
For  example,  using  a  S3  MHz  clock  rate  the  minimum  step 
size  out  of  the  DDS  is  12.3  milliHz.  A  multiplication  factor 
of  81  would  still  give  1  Hz  resolution. 


Gock  from  Accelerator  RF 


Fig.  1.  Simplified  block  diagram  of  tracking  synthesizer 
bo^ 


Table  1 

Tracking  Synthesizer  Parameters 


Input  frequency  control 

32  bit  parallel  or 
microprocessor  bus 

Maximum  clock  freq. 

60  MHz 

PLL  multinlication 

1  to  1295 

Frequency  resolution 

1  part  in  2^^/ PLL 
factor 

Ouqnit  frequency  range 

DC  to  24  MHz 
continuously,  or  octaves 
to  175  MHz  (1.6  GHz 
with  other  VCOs) 

Spurious  outputs 

<.55dBc 

An  alternative  to  using  a  PLL  or  multiplier  chain  after  the 
DDS  unit  would  be  to  multiply  the  clock  ^y  a  factor  of  20  or 
so)  and  use  a  much  higher  spe^  DDS  unit  Commercial  units 
are  presently  available  with  injHit  clock  rates  up  to  1  GHz  [6], 
[7].  Advantages  to  this  scheme  are  the  need  for  only  one 
multiplier  design  per  accelerator  and  the  ability  to  produce  wy 
desired  output  without  changing  circuit  components. 
Disadvantages  are  the  proportionally  higher  cost  of  the  high 
speed  DDS  units  and  the  limits  to  the  DAC  technology  for 
output  signal  to  noise  ratio. 

rV.  APPLICATIONS 

The  tracking  synthesizer  scheme  is  used  for  studying 
coupled  bunch  mo^s  in  the  Fennilab  Booster  [8].  In  this 
installation  the  synthesizer  provided  the  reference  frequency  for 
a  network  analyzer.  Some  pertinent  Booster  parameters  are 
given  in  table  2. 

Since  acceleration  in  the  Fermilab  Booster  is  dictated  by 
the  resonant  characteristics  of  the  magnets,  the  RF  frequency  is 
generated  by  a  VCO  which  is  in  phase  and  radial  position 
feedback  loops. 
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Table  2 

Ferniilab  Booster  Parameters 


Injection  energy  . 

,  200  MeV  kinetic 

Extraction  energy 

8.0  GeV  kinetic 

Gicumference: 

474.2  meters 

Cycle  rate 

15Hz 

RFfieduency  range 

30.3  -  52.8  MHz 

RF  harmonic 

84 

Maximum  frequency  rate 
of  change  (@Hg84)  S  GHz/sec 


The  magnetic  field  varies  sinusoidally  and  therefore  the  RF 
frequency  change  is  maximum  near  the  beginning  of  the 
aweleradon  cycle.  Also  note  that  the  frequency  changes  by  a 
factor  of  1.74  during  the  cycle.  The  tracking  synthesizer 
works  well  fw  following  such  a  rapidly  changing  signal. 

Another  installation  which  does  not  have  nearly  the  slew 
rate  requirements  is  the  Tracking  Emittance  Monitor  system  in 
the  Fermilab  Antiproton  source  [9].  There  the  maximum 
frequency  change  is  currently  about  2.5%  and  occurs  over  a 
period  of  minutes  for  the  E760  deceleration  [10].  Fig.  2 
shows  the  output  spectrum  from  the  tracking  synthesizer  for 
this  installation. 


Vertical  =  10  dB/div.  Horizontal  =  100  kHz/div. 
Center  =  77.992  MHz. 


Fig.  2.  Output  spectrum  of  tracking  emittance  monitor 
synthesizer  board. 

Future  installations  include  general  test  oscillators  and  a 
longitudinal  damper  system  for  the  Fermilab  Booster  [1 1]. 


V.  CONCLUSION 

A  synthesizer  scheme  combining  digital  and.  analog 
synthesizer  techniques  to  allow  tracking  of  signals  during 
acceleration  is  shown.  This  synthesizer  makes  use  of  the 
extremely  fme  frequency  resolution  of  the  DDS.  it  has  been 
shown  to  track  rapidly  changing  RF  sources  quite  well  and 
allowed  measurements  of  various  beam  phenomena. 
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THE  AGS  BOOSTER  BEAM  LOSS  MONITOR  SYSTEM* 
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Upton,  NY  11973 


ABSTRACT 

A  ^am  loss  monitor  system  has  been  developed  for 
the  Brookhaven  National  Laboratory  Booster  accelerator, 
and  is  designed  for  use  with  intensities  of  up  to  1.5  x  10^  ^ 
protons  and  carbon  to  gold  ions  at  50*3  x  10^  ions  per 
pulse.  This  system  is  a  significant  advance  over  the  present 
AGS  system  by  improving  the  sensitivity,  dynamic  range, 
and  data  acquisition.  In  addition  to  the  large  dynamic 
range  achievable,  it  is  adaptively  shifted  when  high  losses 
are  detected.  The  system  uses  up  to  80  argon  filled  ion 
chambers  as  detectors,  as  well  as  newly  designed  electron¬ 
ics  for  processing  and  digitizing  detector  outputs.  The 
hardware  simultaneously  integrates  each  detector  output, 
interfaces  to  the  beam  interrupt  systems,  and  digitizes  all 
80  channels  to  12  bits  at  170  KHz.  This  paper  discusses 
the  design,  construction,  and  operation  of  the  system. 

ARCHITECTURE 

The  AGS  Booster  Radiation  Loss  Monitor 
(BRLM)  system  incorporates  several  features  of  the  AGS 
radiation  loss  monitor  system  and  provides  new  capabili- 
ties.[l][2]  The  most  unique  feature  of  the  BRLM  is  the 
ada^ive  dynamic  range  limit,  where  the  upper  limit  of  the 
measurement  range  is  increased  with  the  lower  limit  and 
resolution  fued.  Therefore,  high  loss  levels  that  would 
otherwise  saturate  the  processing  electronics  are  tracked. 
This  system  also  supports  multiple  users,  each  with  mul¬ 
tiple  data  endows  per  Booster  cycle. 

The  hardware  block  diagram  is  shown  in  Figure  1. 
The  detectors  are  biased  at  200  VDC.  The  bias  is  devel¬ 
oped  using  a  dc/dc  conversion  circuit  that  directly  couples 
the  detector  to  the  measurement  electronics.  The  cables 
connecting  the  bias  supplies  to  the  detectors  are  triple- 
shielded  coax  (Belden  ^54)  and  provide  a  shielding  effec¬ 
tiveness  of  110  db.  The  analog  integrators  accumulate  the 
charge  generated  in  the  detector.  The  integrator  circuit 
input  resistance,  in  parallel  with  the  signal  cable  capaci¬ 
tance,  impacts  the  response  time  for  the  system.  There¬ 
fore,  the  mput  resistance  of  channels  in  the  injection  and 
extraction  locations  has  been  selected  to  be  compatible 
with  use  in  the  beam  interlock  functions.  The  integrators 
have  two  gain  settings  and  the  full-scale  output  at  low  gain 


measures  a  10%  localized  beam  loss  at  fuU'cnergy  mthout 
saturating  the  integrator. 

Following  the  integrators  is  a  commercial  VME  bus 
based  data  acquisition  system  (Datel,  Inc.)  consisting  of 
several  multiplexing  S/H  cards  (Datel  DVME  645)  and  an 
intelligent  A/D  board  (Datel  DVME  601).  The  system  is 
configured  for  80  channels  and  is  expandable  to  256 
channels.  The  A/D  card  locally  controls  the  entire  acqui¬ 
sition  process  using  preprogrammed  firmware  and  the 
analog  expansion  bus.  The  channels  are  simultaneously 
held,  sequentially  digitized  and  written  to  the  onboard 
dual  port  memory  coded  as  bipolar.  2’s  compliment. 
Additionally,  the  system  accepts  the  circulating  beam 
monitor  which  provides  a  measure  of  the  beam  intensity 
when  the  loss  data  is  acquired. 

A  communications  link  (Bit  3  Corporation)  trans¬ 
parently  transfers  the  data  between  the  Multibus  instru¬ 
ment  controller,  and  the  VME  bus  data  acquisition  hard¬ 
ware  and  provides  the  bus  arbitration  logic  for  the  VME 
system.  The  translator  presents  the  dual  ported  VME 
memory  as  local  memory  to  the  Multibus  processor. 

The  comparator  block  provides  threshold  detection 
for  the  integrator  outputs.  The  comparator  outputs  are 
used  by  the  channel  mask  and  interlocking  functions.  The 
threshold  levels  for  each  channel  are  individually  adjust¬ 
able.  For  transfer  line  channels,  the  thresholds  will  be  set 
by  operational  requirements  and  other  channels  have  their 
threshold  nominally  set  at  80%  of  the  ADC  full-scale 
input. 

The  channel  mask  allows  selected  channels  to  be 
inhibited  from  requesting  scan  triggers.  This  is  useful  for 
disabling  malfunctioning  channels  which  may  continually 
request  the  ADC  to  scan  the  system  or  to  inhibit  high  loss 
channels  from  generating  scan  requests,  allowing  "zoom¬ 
ing"  to  wew  low  loss  channels.  Any  or  all  of  the  channels 
can  be  disabled  in  software.  The  injection  channels  are 
not  part  of  the  mask  because  multiple  ADC  scans  cannot 
be  performed  on  the  time  scale  of  injection. 

The  beam  interlock  functions  primarily  include 
channels  located  in  the  transfer  lines,  although  any  other 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 
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Figure  1.  BRLM  system  block  diagram. 


channel  may  be  "patched"  into  these  systems.  The  inter* 
locks  are  intended  to  prevent  damage  to  the  accelerator 
from  a  poorly  steered  or  focused  beam.  There  arc  two  sys¬ 
tems;  the  nun-latching  and  latching  beam  interlock  sys¬ 
tems.  The  non-latching  system  causes  the  Linac  injection 
pulse,  200  /is  nominal,  to  be  shut  off  at  the  ion  source 
within  10  /is  of  detecting  a  high  loss.  The  non-latching 
output  is  active  only  during  injection  and  is  formed  by 
ORing  the  injection  line  detectors  and  the  channel  mask 
output.  This  system  is  automatically  reset  by  the  Booster 
timing  system  at  the  start  of  a  new  cycle.  The  latching  sys¬ 
tem  trips  an  external  hardware  latch,  inhibiting  injection 
into  the  Booster  until  a  manual  key  switch  is  cleared. 
In  this  system,  extraction  line  detectors  arc  used,  although 
provision  for  monitoring  the  ring  channels  \da  the  channel 
mask  output  during  extraction  is  included.  There  has  also 
been  provision  made  for  sensing  conditions  when  losses 
may  be  high  such  as  those  caused  by  beam  invasive 
measurements.  The  BRLM  system  monitors  the  position 
of  these  devices  and  can  selectively  disable  the  interlocks 
until  the  measurement  is  complete. 

ADAPTIVE  DYNAMIC  RANGE 

The  combination  ^ftware  and  hardware  generated 
read  requests  are  used  to  implement  an  adaptive  dynamic 
range.  The  system  is  adaptive  in  the  sense  that  it  responds 
to  changing  or  unexpected  loss  patterns  without  losing 
data.  If  only  software  control  was  used,  one  or  more  chan¬ 
nels  might  exceed  the  ADC  full-scale  limit  between 
requests  and  some  data  would  be  lost.  The  comparators 
flag  the  condition  that  at  least  one  channel  is  approaching 
the  ADC  full  scale  and  the  flag  is  processed  by  the  channel 


mask  to  establish  that  it  originates  from  a  detector  desig¬ 
nated  to  generate  read  requests.  If  so,  the  flag  is  for¬ 
warded  to  the  instrument  controller  as  a  read  request. 
The  controller  then  arbitrates,  if  necessary,  between  soft¬ 
ware  and  hardware  sources  before  producing  a  scan  trig¬ 
ger.  In  either  case,  the  acquisition  process  is  triggered, 
the  integrators  are  reset  to  zero  and  continue  to  accumu¬ 
late  data.  It  is  possible  to  have  multiple  hardware¬ 
generated  triggers  bracketed  by  software  requests.  The 
numt^r  will  depend  on  the  spatial  and  temporal  loss  char¬ 
acter.  However,  the  time  required  between  scans  is 
approximately  2  ms.  This  includes  the  ADC  scan  time  and 
overhead  in  the  controller.  Each  scan  is  stored  as  a  table 
and  sent  to  host.  When  the  Booster  cycle  is  complete,  the 
host  software  assembles  the  individual  scans  into  the  time 
intervals  requested  by  the  users.  Although  the  ADC  limits 
the  instantaneous  dynamic  range  and  resolution  on  each 
scan,  the  total  dynamic  range  is  bounded  by  the  word  size 
of  the  processor  summing  the  individual  scans.  The 
dynamic  range  on  each  scan  is  the  ratio  of  the  data  accum¬ 
ulated  in  the  highest  channel  to  one  count.  The  single 
count  represents  the  converter  resolution.  However,  for 
channels  with  low  count  totals,  the  relative  accuracy  of  the 
measurement  decreases  as  the  number  of  scans  increases. 

DETECTOR  DESIGN  hND  MOUNTING 

The  detector  is  a  coaxial  ionization  chamber  made 
with  an  Andrews  Corporation  RG318  style  Heliax  cable 
pressurized  with  Argon  to  10  psig.  Most  of  the  detectors 
are  S  meters  long,  although  other  lengths  arc  also  used. 
The  detector  is  capped  on  one  end  with  a  standard  bicycle 
valve  as  a  pressure  fitting.  On  the  other  end  is  a  rexolite 
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UHF  connector  for 'the  signal  output  and  bias  input. 
'Rexolite  is,  used  because  of  its  radiation  resistance.  The 
detectors  are  mounted  close  to  the  median  plane  on  the 
inside  tunnel  wall  cable  tray  approximately  30"  radially 
iiiside  the  reference  orbit.  Median  plane  mounting  iha»- 
mizes  the  detector  sensitivity  and  the  cable  tray  provides 
constant  geometry  with  respect  to  the  central  orbit  while 
not  blocking  access  to  ihe  magnets  and  beam  pipe.  In 
locations  where  theituhnel  walls  fall  away  from  the  beam 
pipe,  special  mounting  islands  are  used  to  maintain  the 
detector  geometry.  In  the  ring,  there  are  48  detectors, 
each  spanning  one  half-cell  with  the  ends  of  the  chambers 
overlapping  slightly  at  the  middle  of  each  dipole  magnet 
reference  location.  In  addition,  there  are  16  more  detec¬ 
tors,  8  in  each  transfer  line.  These  detectors  are  posi¬ 
tioned  below  the  beam  line  on  the  support  girder,  resulting 
in  potentially  less  sensitivity  than  on  the  beam  plane,  but 
experience  wth  similar  devices  shows  the  sensitivity  is  still 
adequate.  There  is  also  provision  for  mounting  up  to  IS 
auxiliary  detectors  to  be  located  at  arbitrary  locations  in 
the  Booster  and  transfer  lines  as  required. 

CONTROLS  INTERFAC.^  AND  SOFTWARE 

The  control  for  the  system  is  provided  by  the  instru¬ 
ment  controller.  It  is  a  dual  processor  system,  with  one 
prcicssor  for  I/O  and  the  other  for  communications.  The 
communication  processor  has  a  DMA  channel  between 
the  controller  and  network,  station.  The  station  connects 
to  host  computers  using  a  token-ring  LAN[4]. 

The  software  provides  the  user  vwth  control  over 
the  programmable  scan  times,  display  of  data,  channel 
mask,  and  overrides.  Several  graphical  and  numerical  dis¬ 
plays  are  available  to  the  user,  with  the  ability  to  overlay 
one  cycle  atop  the  other.  The  software  also  assembles  the 
time  sampled  detector  data  for  each  user  and  schedules 
the  programmed  resets  to  avoid  conflicts.  There  is  also  a 
standard  user  called  the  background  logging  task.  This 
task  runs  continually  to  maintain  a  record  of  the  machine 
operation.  As  an  addition  to  this  task,  the  ability  to  gener¬ 
ate  and  display  the  mean  and  standard  deviation  for  losses 
both  spatially  and  m  time  are  being  considered.  These 
parameters  can  be  used  to  inhibit  the  machine  when  loss 
conditions  deviate  from  acceptable  limits.  In  addition, 
recent  data  is  stored  providing  diagnostic  aspects  similar 
to  an  aircraft  flight  recorder.  Several  acceleration  cycles 
of  loss  data  will  be  buffered  m  a  FIFO.  At  any  time,  the 
data  can  be  "played  back"  to  look  for  indicators  of  poor 
performance,  or  as  diagnostic  information  for  checking 
other  systems. 


COMMISSIONING 

The  BRLivI  hardware,  detectors,  and  software  were 
initially  tested  during  Booster  commissioning.  The  LTB 
detectors  displayed  a  higher  than  .expected  sensitivity.  As 
commissioning  continues,  the  sensitivity  will  be  quantified. 
Figure  2  shows  the  output  of  a  single  detector  as  moni¬ 
tored  in  the  AGS  Main  Control  Room.  The  detector  is 
measuring  a  small  loss  at  appronmately  5%  of  the  nominal 
Linac  current.  The  loss  correlates  to  the  measured  beam 
position  errors.  The  non-latching  interlock  system  was 
tested  and  functioned  properly  by  promptly  turning  off 
the  beam.  The  mask  was  successfully  used  to  prevent  hard¬ 
ware  trips  from  triggering  data  acquisition.  Hardware  and 
software  triggered  ADC  scans  were  observed  in  the  same 
machine  cycle.  The  software  has  allowed  control  of  the 
functions  to  operate  the  system  and  has  tabulated  multiple 
scans  correctly. 


Figure  2.  Detector  output.  Top:  Linac  output  0.5 
mA/div.  Bottom:  Detector  output  50  mV/div. 

Time  scale:  10  fis/dw. 
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Abstract 

Stripline  electrodes  (traveling  wave  electrodes,  directional 
couplers)  are  commonly  used  in  particje  accelerators  as  beam 
pickups  and  kickers.  The  longitudinally  symmetric  stripline  has  a 
constant  beam, coupling  impedance.as  a  function  of  length  and 
has  a  characteristic  magnitude  sin(x)  amplitude  retsponse  in  the 
fr^uency  domain.  An  exponentially  tapered  striplinc  provides 
nearly  constant  coupling  impedance  vs.  frequency  and  yields 
superior  frequency-domain  performance.  In  practice  it  is. 
difficult  to.  construct  either  of  these  devices  for  bfdad-band 
performance  because  of  the  transition  from  coaxial  to  stripline 
geometry.  We  report  on  the  construction  of  an  exponentially- 
tapered,  slot-coupled  "stripline"  which  was  relatively  easy  to 
construct  and  has  the  desired  frequency  response. 

I.  INTRODUCTION 

Part  of  the  ALS  booster  synchrotron  beam  diagnostics  system 
includes  three  stripline  assemblies;  a  kicker  and  two  pickups. 
The  kicker  will  be  used  to  excite  the  beam  during  fractional 
betatron  tune  measurements.  The  pickups  will  be  used  in.  the 
tune  measurements  and  as  general  purpose,  broad-band  beam 
diagnostics.  We  wished  to  use  exponentially  tapered  striplines  in 
the  pickups  because  of  their  superior  frequency  domain 
^rformance.  With  prototypes  we  had  trouble  holding 
mechanical  dimensions  which  were  important  for  impedance 
reasons.  We  also  had  difficulty  with  the  transition  from  coaxial 
to  stripline  geometry,  To  overcome  these  problems  we 
developed  a  slot-coupled  "stripline". 

11.  THEORY 

We  show  equations  and  calculations  for  ordinary  striplines 
before  discussing  the  slot-coupled  stripline.  Stripline  pickups 
used  in  accelerators  couple  to  the  electromagnetic  fields 
produced  by  the  beam;  Stripline  kickers  act  reciprorally  of 
course  and  produce  fields  that  influence  the  beam.  Figure  1 
shows  a  typical  stripline.  The  stripline  electrode  is  held  at  the 
proper  distance  from  the  beam  pipe  wall  by  the  center  conductor 
of  a  coaxial  vacuum  feedthrough.  In  the  case  of  stripline  kickers 
feedthroughs  are  generally  used  on  both  ends.  The  down-stream 
feedthroughs  in  stripline  pickups  are  often  replaced  with  metal 
posts  (shorts). 

US.  Government  work  not  protected  by  US.  Copyright. 


Bedm  Plp» 


Fig.  1  Topical  Stripline 


The  separation  between  the  stripline  and  the  wall  is  usually  set 
at  I/S  the  stripline  width  for  SO  ohm  self-impedance.  In  the 
following  example  the  width  is  taken  as  S  times  the  separation,  d. 
The  magnitude  of  the  coupling  impedance'  of  a  longitudinally 
symmetric  stripline  to  a  relativistic  beam  in  a  round  pipe  (as  a 
function  of  frequency)  is: 

Zc  =  601n/~^  sin^  0) 

^  Rid  ^ 

where  R  is  beam  pipe  radius,  d  is  stripline-to-wall  distance,  1  is 
stripline  length,  and  X  is  wavelength. 

The  calculated  frequency  response  of  a  typical  stripline  is 
shown  as  a  sine  curve  in  figure  2.  Here  the  electrode  length  is 
ISOmm,  the  spacing  is  2.S4mm,  the  beam  pipe  radius  is  30mm, 
and  the  width  is  12.7mm. 


GHz 


Fig.  2  Stripline  Frequency  Response:  The  dark  line  is  the 
tapered  stripline  response.  The  Ughter  line  is  symmetrical 
(untapered)  stripline  response. 
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Linnerar^  ireported!  on,  the  superior,  frequency  domain 
;  performance  of  {tapered  striplines.  These  striplines  have  no  nulls 
in;th^  respon^v  but  do  have  some  ripple.  The  ripple  may  be 
minimized  with  proper  design. 

'Die  coupling  impedance*  of  an  ^onehtially  tapered  stripline 
in  “a  round  pipe  (as  a  function  of  frequency)  is: 


Kihaxwl 
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the  coupling.  Ah  untapered  slot  behaved  the  same  as  an 
untapered  stripUne  located  at  the  beam  pipe  wall  but  with  less 
coupling.  The  coupling  ot  an  untapered  slot  may  be 
approximated  by  equation  (2)  (Kmax  =  Kmin)  multiplied  by  a 
coupling  constant  k; 


k  = 


A  {L 

2t  2t 


where  angles  a  and  b  are  defined  by  the  aperture. 
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50  ohm 


Fig.  3.  Aperture  Coupling 


where  Kmax  is  stripline  coupling  at  the  wide  end,  Kmin  is  The  coupling,  of  a  tapered  slot  is  also  approximated  by 
coupling  at  the  narrow  end,  rl  is  electrode  radius  at  the  wide  equation  (2)  multiplied  by  the  k  factor.  We  calculate  the 

end,  r2  is  electrode  radius  at  the  narrow  end,  hi  is  electrode  performance  of  a  tapered  stripline  at  the  wall  and  apply  the  k 

spacing  at  the  wide  end,  h2  is  electrode  spacing  at  the  narrow  factor  calculated  for  the  widest  aperture.  The  measured  ripple  is 

end,  v  is  beam  velocity,  I  is  electrode  length,  a  is  radian  always  less  than  equation  (2)  predicts, 

frequency,  and  a  is  the  attenuation  constant. 

IV.  BEAM  PICKUP  MECHANICAL  DETAILS 

If  the  StripUne  is  untapered  (e.g.,  Kmin  »  Kmax,  and  a  >=  0), 

equation  (2)  yields  approximately  the  same  results  as  equation  Figure  4  shows  a  cut-away  view  of  the  slot-line  pickup.  The 

(1) .  The  difference  in  this  case  is  that  equation  (1)  calculates  body  of  the  pickup  is  machined  from  a  single  piece  of  aluminum. 

coupUng  impedance  as  a  function  of  pipe  radius,  and  equation  The  beam  aperture,  nominally  63mm  in  diameter  is  drilled 

(2)  uses  the  electrode  radius.  through  the  center  of  the  cylindrical  aluminum  block.  Four 

holes  32mm  in  diameter  are  drilled  through  the  block  44mm  off 
The  calculated  frequency  response  of  an  exponentially  tapered  the  center  of  the  beam  axis  and  90  degrees  apart.  The  four  holes 

stripline  is  shown  in  figure  2  as  the  heavier  line.  Here  the  intersect  the  beam  pipe  hole  forming  16mm  apertures  the  full 

electrode  length  is  150mm,  the  maximum  width  is  12.7mm,  the  length  of  the  block.  Aluminum  rods  inserted  into  the  four  holes 

minimum  width  is  1mm,  the  maximum  spacing  is  2.54mm,  and  form  50  ohm  coaxial  lines.  The  rods  are  supported  by  the  center 

the  beam  pipe  radius  is  30mm.  The  attenuation  constant,  a,  is  conductors  of  type-N  constant-impedance  vacuum  feedthroughs 

2.668,  welded  into  removable  end-flanges.  Beam  field  coupling  to  the 

rods  is  defined  by  exponentially  tapered  slots  in  a  thin-wall  brass 
III,  THE  SLOT-COUPLED  PICKUP  tube  with  a  diameter  slightly  less  than  the  beam  aperture.  The 

slots  are  15mm  across  on  the  widest  end,  2.5mm  on  the  narrow 
We  explored  slot  coupling  between  two  coaxial  transmission  150mm  long, 

lines  in  order  to  evaluate  different  slot  shapes.  The  linear  slot 

behaved  similarly  to  the  untapered  stripline.  An  exponentially  'U'®  of  ih®  rods  are  tapered  down  to  the  feedthrough 
tapered  slot  gave  a  frequency  response  similar  to  the  figure  2  center  conductor  diameter  to  maintain  50  ohm  impedance..  On 
darker  curve.  A  linearly  tapered  slot  with  a  7  to  1  width  ratio  Ih®  vacuum  side  of  the  flanges  where  the  feedthroughs  are 

had  more  ripple  and  a  steeper  low  frequency  skirt.  A  gaussian  installed  the  flange  is  machined  to  form  the  impedance  taper  re¬ 

taper  gave  an  interesting  time  domain  result.  When  driven  by  a  quired  to  accommodate  the  tapered  rod  ends.  The  longitudinal 
very  fast  voltage  step,  the  coupled  line  output  was  a  Gaussian  position  of  the  rods  is  important  for  impedance  reasons.  They 
voltage  pulse.  ore  properly  positioned  by  having  a  hole  in  one  end  of  exact 

depth  and  a  spring  in  the  hole  in  the  other  end.  With  one  end 
In  order  to  simulate  beam  coupling  through  a  slot  we  built  a  flange  bolted  to  the  body,  the  rods  are  fitted  (spring  loaded  end 
structure  similar  to  figure  3  and  modeled  the  beam  with  a  3mm  1*^0  oa*®  the  flange  feedthrough  center  conductors.  The  other 

wire  centered  in  the  beam  pipe.  Slots  cut  in  a  removable  thin-  flange  is  then  installed.  The  rod  springs  force  them  into  proper 

wall  cylinder  having  the  same  diameter  as  the  beam  pipe  defined  longitudinal  position.  RF  contact  between  the  rods  and  the 
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f^thfou^  center-conductors  is  made  with  gold-plated  RF 
"fingers"  inside  the  holes; 


Eveiything  about  the  kicker  is  identical  to  the  pickups  except 
for  the  slots  and  the  external  cable  connections.  We  use 
rectangular  slots  ISiiim  wide  and  ISOmm  long  in  the  kicker. 

VI.  LABORATORY  TESTS 

We  tested  the  pickups  and  kicker  coaxial  lines  with  a  TDR  to 
insure  the  internal  connections  were  correct.  Some  impedance 
discontinuities  were  seen,  the  largest  being  a  4Q  ohm  section  in 
the  feedthroughs.  The  influence  of  the  tapered  slot  was  seen  as 
a  4  ohm  increase  in  the  Une  impedance  at  the  slot  location. 

We  tested  the  coupling  characteristics  of  the  pickups  and 
kicker  with  a  centered  wire  supported  by  tapered  coaxial  horns. 
The  instruments  we  used  were  a  20GHz  sampling  scope,  a  60ps 
gaussian  pulser,  a  SOOps  gaussian  pulser,  and  a  vector  network 
ana^er.  Figure  5  shows  the  frequency  response  of  the  four 
slotted  couplers  in  one  pickup.  The  nominal  coupling  is  -44dB. 
The  marker  measurement  in  figure  5  indicates  -47dB  (-3dB 
down)  at  SOOMHz.  Figure  6  shows  the  response  to  a  60ps  pulse. 
The  coupled  pulse  amplitude  corresponds  to  a  coupling 
impedance  of  0.6  ohm  which  agrees  reasonably  with  equation  (2) 
multiplied  by  the  coupling  factor.  In  figure  6  an  echo  pulse  if 
any  would  occur  Ins  after  the  prompt  pulse.  Unlike  the  ^- 
metric  stripline,  the  tapered  coupler  has  no  echo  pulse. 

We  have  no  data  on  beam  measurements  to  present  here. 
The  ALS  injector  is  nearing  completion,  and  we  should  have 
data  soon. 


Fig.  5  Slot-Coupled  Pickup  Frequency  Response 


Fig.  6  Slot-Coupled  Pickup  Pulse  Response 
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Abstract 

the  longitudinal  phase-space  distribution  of  a  bunched 
bem  can  be  determined  by  selecting  short-phase  slices  of  the 
beam  and  measuring  the  energy  distribution  of  each  slice. 
This  paper  describes  a  system  ^at  should  be  capable  of 
producing  phase-space  measureniehts  of  an  H'  beam  at  a  rate  of 
2  Hz.  the  phase  is  selected  by  photoneutralization  with  a 
mode^ocked  laser.  A  deflector  magnet  downstream  of  tlie 
neutralization  ^int  deflects  the  charged  beam,  and  the  neutral 
particles  enter  a  spectrometer  through  a  slit  covered  with  a 
stripping  foil.  During  the  20-  to  40-ps  laser  burst,  a  ramp 
signal  shifts  the  laser  phase  with  respect  to  the  beam  phase. 
The  same  ramp  signal  controls  electric  deflection  plates  in  the 
exit  beamline  of  the  spectrometer,  which  bend  the  beam 
perpendicular  to  the  dispersion  plane.  If  the  sp^trometer 
magnet  bends  the  beam  horizontally,  theri  the  b^m-cuitent 
distribution  at  the  focal  plane  is  analyzed  horizontally  in 
energy  and  vertically  in  phase. 

I.  Introduction 

The  Laser-Induced-Ncutraiization  Diagnostic  Approach 
(L1NDA)[1],  developed  at  Los  Alamos  National  Laboratory,  is 
a  technique  that  uses  light  pulses  from  a  laser  to  select 
portions  of  an  H*  beam  for  analysis.  Light  pulses  of  the 

appropriate  wavelength  to  neutralize  H'  ions  pass  through  the 
beam  upstream  of  a  deflection  magnet  The  neutralized  beam 
passes  through  the  magnet  and  into  a  detector. 

Longitudinal  phase-space  distributions  have  been  made 
measured  using  LINDA  by  firing  single  laser  pulses  through 
beams  and  measuring  energy  spread  by  time-of-flight.  This 
technique  requires  several  hundred  laser  pulses  for  each 
measurement  and  is  applicable  only  to  beams  of  less  than 
about  10  MeV  with  rms  bunch  lengths  of  greater  than  about 
30  ps. 

This  paper  describes  a  system  (see  flg.l)  that  should  be 
capable  of  producing  longitudinal  phase-space  measurements  of 

an  H'  beam  at'a  2-Hz  rate.  It  is  applicable  to  high-brighmess 
beams  of  energies  greater  than  100  MeV. 

The  phase  is  selected  using  light  from  a  mode-locked  laser 
whose  frequency  is  locked  to  a  subhamionic  of  the  accelerator 
rf.  A  specurometer  is  placed  downstream  of  the  deflector 
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magnet  for  energy-spread  analysis.  During  the  laser  firing,  the 
rf  phase  of  the  laser  is  ramped  at  the  same  rate  that  the  ion 
beam  in  the  image  line  of  the  spectrometer  is  deflected 
perpendicular  to  the  dispersion  plane.  The  beam  current, on  the 
spectrometer  focal  plane  is  analyzed  in  both  phase  and  energy. 


Figure  1.  Schematic  of  measurement  technique.  The  laser- 
firing  frequency  is  one-fourth  the  accelerator  rf. 

11.  Measurement  System  Requirements 

The  laser  and  spectrometer  constitute  a  measurement 
system  with  a  phase-space  window  having  dimensions  0  of  rf 
phase  and  R  of  energy.  The  phase  dimension  of  the  window  is 
equal  to  the  time  width  provided  by  the  laser  pulses  multiplied 
by  InlT  (where  T  is  the  rf  period).  The  energy  width  is  equal 
to  the  resolution  of  the  spectrometer. 

The  detector  resolution  required  to  measure  a  particular 
beam  is  determined  by  calculating  the  effect  the  detector 
window  size  has  on  the  measurement  result.  The  following 
calculation  is  based  on  studies  done  by  Gluckstcrnl2]  and 
Connolly  and  Johnson[3]. 

If  a  beam  of  phase-space  distribution  p((j>.E)  and  uuc  rms 
omittance  Et  is  measured  using  a  delector  having  a  window  of 
dimensions  6  of  rf  phase  and  R  of  energy,  the  measured 
distribution  is  pm('!>.E)  where 

<{>0+  2  2 

Pm»O.Eo)-^  J  fp«,E)d<.dE.  (1) 

*  ®  E  S- 

S>0-  2  “■  2 

When  p((}»3)  is  expanded  to  second  order  around  (!)o  and  Eq,  the 
result  of  the  integration  is 
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P  =  1  -  exp  ( -  a  F  t ), 


(5) 


eT3^p(<]).E) 


PmWolPd)  =  P(^oiEo)  +24  2 
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RTa^p(.D.E)l 


a.Eo  24l  9e^ 


'  .  $o,Eo. 


(2) 

The  -rms  emittance  calculated  from  this  measured  beam 
distribution  is 


En,=7t 


2 


144 


1/2 


(3) 


where  a,j,  and  are  the  rms  beam  dimensions.  Written  in 
terms  of  the  Twiss  parameters  p  and  7,  Eqn.  3  becomes 


An  emittance  measured  by  a  detector  whose  window  is 
small  compared  to  the  beam  distribution  is  the  true  emittance 
of  the  beam.  If  the  window  size  is  comparable  to  the  beam 
distribution,  the  measured  emittance  is  larger  than  the  true 
emittance. 

Equation  4  shows  that  the  effect  of  the  detector  on  a 
measurement  depends  pn  the  beam  parameters.  For  the  case  of 
an  upright  ellipse,  Fig,  2  shows  how  the  ratio  of  Em/Et 
increases  with  detector  window  size.  For  this  example, 
6/a^=:R/a£=A.  The  ratio  Em/Et  is  plotted  as  a  function  of  A. 

This  plot  shows  that  a  detector  window  with  dimensions  equal 
to  the  rms  beam  dimensions  poduccs  a  measured  emittance 
that  is  1.08  times  the  true  emittance.  For  most  applications, 
tlic  detector  window  should  be  no  larger  than  by  Og. 


A 

Figure  2.  The  ratio  of  measured  emittance  to  true  emittance 
as  a  function  of  detector  window  size  for  the  case  of 
an  upright  phase  ellipse.  The  detector  window 
dimensions  are  0  by  R  and  A=9/o^=R/aE. 


III.  Measurement  System 
A.  Mode-locked  laser 

The  laser  has  to  produce  short  pulses  of  an  appropriate 
wavelength  and  photon  flux  to  produce  the  required 
neutralization  of  the  H'  beam.  The  required  neutralization 
fraction  depends  on  the  beam  current  and  the  sensitivity  of  the 
spectrometer  detector. 

If  the  laser  pulse  duration  is  long  compared  to  the  flight 
time  of  the  ions  through  the  laser  beam,  the  neutralization 
fraction  is 


where  a  is  the  neutralization  cross  section,  F  is  the  photon 
flux,  and  t  is  the  time  the  ions  spend  in  the  photon  field.  The 
photon  flux  is  given  by 

e  X 


where  8  is  the  laser-pulse  energy,  \  is  the  wavelength,  h  is 
Planck's  constant,  c  is  the  speed  of  light,  A  is  the  laser  beam 
cross-sectional  area,  and  x  is  the  laser  firing  time. 

The  best  laser  for  H*  beams  is  a  CW  mode-locked  Nd:YLF 
laser  tuned  to  a  subharmonic  of  the  accelerator  frequency.  This 
laser  produces  50-ps  pulses  of  1062-nm  light,  giving  a 

photoneutralization  cross  section  of  3.6  x  10  cm  [4]. 
These  light  pulses  are  chirped,  amplified,  and  compressed  to 
get  pulses  as  short  as  1  ps.  The  output  energy  of  the  pulses  is 
controlled  by  the  number  of  amplification  stages.  The 
amplifier  rods  limit  the  output  bursts  to  20-40  ps. 

The  laser  beam  is  focused  so  its  width  along  the  ion  beam 
is  as  narrow  as  possible.  The  detector  phase  window  is  the 
quadrature  sum  of  the  laser  pulse  length,  the  laser  firing  jitter, 
and  the  ion-beam  transit  time  across  the  laser  beam.  If  the 
laser-beam  dimension  is  0.1  mm  in  Z,  a  S-McV  proton  takes 
3.2  ps  to  pass  through  it  and  a  20-McV  proton  takes  1.6  ps, 
Detector  windows  of  ~3  ps  arc  possible  with  20-McV  beams. 

Neutralizing  the  smallest  phase  window  possible  requires 
that  the  laser  beam  intersect  the  H’  beam  perpendicularly  in  the 
H'  rest  frame.  This  is  done  by  directing  the  laser  beam 
through  the  H’  beam  at  a  lab-frame  angle  of  cos'\p)  where  p 
is  the  relativistic  parameter  v/c.  For  a  20-McV  H*  beam,  the 
intersection  angle  is  78°. 

An  example  of  a  laser  system  that  can  produce  about  10% 
neutralization  of  a  20-McV  H'  beam  is  one  being  considered 
by  Los  Alamos[S].  It  consists  of  a  Quantronix[6],  Scries 
4200  Nd:YLF  CW  mode-locked  laser  with  an  amplification 
and  pulse-comprcssion  system  from  Coniinuum[7].  The  laser 
is  available  with  frequencies  of  50  to  240  MHz.  Firing  jitter 
with  respect  to  the  rf  source  is  reported  to  be  ±1  ps. 

B.  Spectrometer 

As  with  the  laser,  the  spectrometer  requirements  depend  on 
the  specific  application.  A  design  that  has  been  studied  at  Los 
Alamos[8]  is  shown  in  Fig.  1.  It  is  a  double- focusing 
transport  line  consisting  of  two  y-focusing  quads  and  a  dipole 
with  straight,  perpendicular  entrance  and  exit  edges.  One  quad 
is  in  the  middle  of  the  image  and  object  lines.  These  focus  the 
beam  through  a  waist  in  y  in  the  center  of  the  dipole  [9]. 

The  half  length  of  each  leg,  L  (see  fig.  1),  is 
approximately  1.5r/sln(a),  where  r  is  the  bend  radius  and  a  is 
the  bend  angle.  The  momentum  resolution  is  AP/P  =  s/6r, 
where  s  is  the  entrance  slit  width  in  the  dispersion  plane.  The 
spectrometer  shown  in  Fig.  1  bends  the  beam  45°  with  r=1.5m 
and  L=3.2m.  With  a  1-mm  entrance  slit,  the  energy  resolution 
for  a  20-MeV  beam  is  about  4.5  keV, 
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Jhe-sensjtivity  df.  this:desigh  to  magnet  misalignments 
and  vibratipns  has  bwn  studied  With  TRANSPORTtlO];  The 
only-s^ng  ^hsitivities  were  found  to  be  the  roll  angles  of  the 
quads  and  dipole.  Eitors  in  the  roll  angles  produce  mixing  of 
the  X  and  Y  planes  which  is  uncorrectable  by  focusing.  The 
studies  show  ^at  quad  roll-angle  h^  to  be  correct  to  ±5  mr 
and'^pdle  roll  correct  to  ±1  mr. 

Focus  sehsitivi^  studies  to  quad  settings  and  to  harmonic 
contamination  of  the  quad  and  dipole  fields  done  to  third  order 
with  GIOS[ll]  show  this  design  to  be  extremely  robust  The 
quad  fields  need  to  be  within  ±1%  of  the  design  value,  and 
sextupole  and  octupole  components  of  ±0.1%  at  the  pole-tip 
radius  have  little  effect  on  the  focus.  Similar  harmonic 
components  of  the  dipole  field  can  be  tolerated.  The  only 
critical  field  is  that  of  the  dipole,  which  needs  to  be  stable  to 
±0.004%. 

C.  Integrated  System 

The  complete  measurement  system  is  shown  in  fig.  4.  A 
magnet,  placed  between  the  neutralization  point  and  the 
entrance  slit,  deflects  the  charged  beam  into  a  bkm  stop.  The 
analyzed  beam  is  neutral,  so  a  stripper  foil  is  placed  over  the 
entrance  slit.  Angle  scattering  in  the  foil  does  not  affect  the 
analysis  because  the  system  pr^uces  a  point-to-point  focus. 


Figure  4.  Block  diagram  of  complete  measurement  system. 

Electrostatic  deflector  plates  in  the  image  line  deflect  the 
proton  beam  perpendicular  to  the  dispersion  plane.  During  the 
overlap  of  the  beam  macrt^ulse  and  the  laser-firing  time,  both 
the  phase  of  the  laser  and  the  deflection  of  the  beam  follow  a 
common  linear  ramp.  This  produces  an  integrated  current 
distribution  on  the  image  plane;  the  distribution's  energy  is 
analyzed  in  the  dispersion  plane  and  its  phase  in  the 
perpendicular  plane.  One  possible  image-plane  detector  is  a 
fluorescent  screen  and  CCD  camera.  The  image  can  be 
digitized  for  analysis  and  displayed  on  a  monitor, 

IV.  Discussion 

This  system  should  be  capable  of  producing  complete 
longitudinal  phase-space  measurements  of  an  H’  beam  at  a  rate 
of  2  Hz.  This  is  the  firing  rate  of  the  laser  amplifiers. 


Probablyithis  technique  can  be  used  for  other  negative-ion 
beams,  but  it  has  been  studied  only  for  H'  beams. 

This  method  is  applicable  to  beams  whose  rms~  bunch 
lengths  are  as  short  as  a  few  ps.  The  specU'omcter  described 
will  work  for  beams  with  rms  energy  spreads  of  greater  than 
~2  X  10^.  For  a  100-MeV  beam  the  total  length  is  ~12  m,  so 
a  more  coihpact  design  probably  is  needed  for  higher-energy 
beams. 

If  the  electrostatic  deflector  plate  lengths  are  0.7S  times  L 
and  the  maximum  voltage  between  them  is  20  kV,  the  total 
image  deflection  is  1.3  cm  for  all  beam  energies.  This  image 
width  should  probably  correspond  to  6a,  so  the  entrance  slit 
height  for  this  case  should  be  ~2  mm. 
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Fast  Ion  Chambers  For  SLC 
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ABSTRACT* 

Be^  diagnostic  ion  chambers  ^  used  throughout  the  SLC 
to  perfonh  a  variety  of  tasks  including  locating  beam  losses 
along  the  beam  direction,  determining  localized  losses  from 
individual  bunches  in  .  a  multibunch  beam,  and  detecting 
scatter^  particles  from  beam  profile  wire  scanners  where 
backgrounds  are  too  high  to  use  photomultiplier  tubes. 
Consmiction  and  instrumentation  of  very  fast  ion  chamber 
with  pulse  duration  of  less  than  60hs  arc  detailed.  Long  ion 
chambers  referred  to  as  PLIC  (Panofsky's  Long  Ion  Chamber) 
are  the  primary  diagnostic  used  to  locate  losses  in  ail  the  SLC 
transport  lines.  Accurately  locating  beam  loss  with  the  use  of 
fidiicial  cables  and  coaxial  switches  will  be  discussed. 

INTRODUCTION 

Normal  operation  of  the  SLC  requires  two  bunches  of 
electrons  and  a  single  bunch  of  posj irons  to  be  present  in  the 
accelerator  during  Mch  machine  piilse.  These  bunches  are 
approximately  1mm  in  length  and  about  60ns  apart.  In  the 
pkt,  beam  losses  detected  by  conventional  ion  chambers  could 
not  be  attributed  to  a  particular  bunch.  The  pulse  length  of 
these  ion  chambers  ranges  from  hundreds  of  nanoseconds  to 
many  milliseconds  and  hence  their  signals  are  the  sum  of  Uie 
losses  from  all  three  bunches.  In  order  to  resolve  losses  from 
^ach  bunch,  fast  ion  chambers  with  a  minimum  pulse  length 
of  3Sns  were  constructed.  Fast  ion  chambers  have  b^n 
installed  at  collimators  or  other  aperture  restrictions  in  the 
lin^.  Their  signals  are  monitored  on  a  real  time  basis  and 
ovtf  long  term  running. 

Wire  scanner  measurements  of  beam  size  are  crucial  to  the 
successful  operation  of  the  SLC.[1]  Fast  ion  chambers  are 
used  as  wire  scanner  scattered  particle  detectors  where 
backgrounds  are  too  high  for  photomultiplier  tubes.  Hiey  are 
also  used  at  all  other  wire  scanner  installations  to  provide  a 
cross  check  on  the.  photomultiplier  tubes. 

DESIGN 

A  cylindrical  ion  chamber  design  was  optimized  to:  1) 
produce  pulses  of  less  than  60ns,  2)  provide  reasonable 
sensitivity,  3)  absorb  high  radiation  without  damage,  and  4) 
allow  ease  of  construction. 

The  body  of  the  ion  chamber  is  a  brass  tube  30cm  in  length 
with  an  inside  diameter  of  3.25  mm.  For  wire  scanner 
applications  where  the  pulse  length  must  be  as  short  as 
possible,  the  tube  can  be  sleeved  with  anotlier  brass  tube  with 
an  inside  diameter  of  2.35mm.  Notching  the  tubes  at  either 
end  allows  the  gas  to  flow  freely  when  purging  impurities. 
The  end  of  an  ion  chamber  tube  is  shown  in  fig.  1.  The  ends 
of  the  brass  tube  are  fitted  with  insulating  standoffs  made  from 
Vectra,  a  plastic  which  is  radiatioa  resistant  to  5  x  10^  rads. 


Fig.  1:  Crossection  of  a  fast  ion  chamber  tube  end 


Gold'piated  beryllium  copper  wire  with  a  diameter  of 
0.250mm  is  used  for  the  center  conductor.  The  wire  is 
soldered  into  a  feedthrough  made  from  small  diameter  brass 
tubing  which  fits  into  the  outer  hole  in  the  standoff.  It  is  then 
passed  through  the  brass  tube,  the  other  standoff  and  another 
feedthrough.  The  standoffs  are  fitted  into  either  end  of  the 
tube.  The  feedthroughs  are  seated  in  the  standoffs,  then  the 
wire  is  tensioned  and  soldered  to  the  second  feedthrough,  A 
short  length  of  wire  is  left  on  one  end  to  allow  for 
connections.  A  number  of  these  tubes  are  bundled  together  and 
connected  electrically  in  parallel.  The  bundle  is  inserted  into 
two  polyethylene  rings  that  act  as  supports  and  gas  baffles. 
This  assembly  is  placed  inside  a  2  inch  diameter  stainless  steel 
can. 

A  positive  voltage  between  50  and  200  volts  is  applied  to 
the  center  conductor  through  a  current  limiting  resistor.  The 
signal  is  obtained  from  the  center  conductor  after  being 
decoupled  from  the  high  voltage  by  a  capacitor.  Ten  volt  zener 
diodes  are  added  to  the  low  voltage  side  of  the  capacitor  in  case 
it  breaks  down.  Originally  the  ends  of  the  feedthroughs  were 
left  exposed  at  high  voltage,  and  electrons  collected  over  large 
distances  produced  tails  on  the  pulse.  These  tails  are 
eliminated  by  insulating  the  ends  of  the  feedthroughs  and  then 
covering  them  with  copper  foil  at  ground  potential. 

The  signals  of  the  individual  tubes  are  combined  in  parallel 
to  increase  the  output  of  the  fast  ion  chamber.  The  tubes  have 
an  impedance  of  about  150  ohms,  and  three  tubes  together 
provide  the  best  match  into  50  ohm  cable.  If  more  tubes  are 
added,  the  impedance  match  becomes  worse,  and  the  pulse 
length  increases  due  to  signal  reflections  at  the  ion  chamber 
cable  boundary.  Given  the  60r  ./iinch  spacing,  15  tubes  is 
about  the  maximum  number  uiat  can  be  combined  and  still 
produce  the  required  pulse  length.  Ten  tubes  are  used  for  wire 
scanner  installations. 

PULSE  LENGTH 

For  a  burst  of  radiation  that  is  short  compared  to  the 
elecU'on  collection  time,  the  pulse  length  of  a  fast  ion  chamber 
is  determined  by  the  drift  velocity  of  the  electrons  in  the  gas 
and  by  the  distance  between  the  elecuodes. 
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Initid  tests  were  performed  using  a  mixture  of  95%  Ar  and 
5%  CO2,  which  has  a  maximum  electron  ^ft  velocUy  of 
about  4.Scm/ps.  The  pulse  front  the  ion  chamber  using  this 
mixture  is  shown  in  fig,2A.  Although  the  pulse  length  is 
shorter  than  the  SLC  bunch  spacing,  a  much  cleaner  separation 
is  required  for  wire  scanner  b^  size  measurements. 

Experimental  results  using  pure  or  CF4  in  mixtures 

with  argon  indicate  an  electron  drift  velocity  of  over 
12cm/ps.[2]  A.  fast  ion  chamber  using  a  mixture  of  80%Ar 
and  20%  CF4,  produces  the  shorter  pulse  with  increased 
amplitude  seen  in  fig.  2B.  This  mixture  was  selected  for  use 
iii  f^^t  ion  chambers  used  as  wire  scanner  particle  detectors 
because  of  the  short  pulse  length,  and  high  amplitude  signals 
itixoduced. 

Another  method  of  decreasing  the  pulse  length  is  to 
effectively  reduce  the  drift  distance  by  using  a  mixture  which 
contains  an  electronegative  gas,  such  as  Freon.  Electrons 
liberated  at  large  distances  from  the  center  conductor  recombine 
with  the  Freon  and  do  not  contribute  to  the  pulse  length.  The 
same  fast  ion  chainber  using  a  mixture  of  95%  Ar,  4.7%  CO2 
and  0.3%  Freon  produced  the  pulse  shown  in  fig.  2C.  This 
mixture  significantly  reduces  the  signal  amplitude  but  is  ideal 
for  fast  ion  chambers  used  at  collimators  where  the  radiation 
flux  is  very  large. 

lOmV/div  20ns/div 
A 
B 
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Fig.  2:  Fast  ion  chamber  signals  with  constant  beam 
conditions,  using:  A)  95%  Ar  and  5%  CO2.  B)  80%  Ar,  20% 
CF4.  C)  95%  Ar,  4.7%  CO2  and  0.3%  Freon. 

PERFORMANCE 

The  sensitivity  of  an  ion  chamber  is  proportional  to  the 
amount  of  gas  between  the  electrodes.  Because  of  the  small 
volume  of  the  tubes,  signal  levels  of  fast  ion  chambers  used 
with  wire  scanners  are  only  a  few  millivolts,  and  these  levels 
depend  heavily  on  the  location  of  the  ion  chamber. 
Calculations  indicate  that  multiple  scattering  of  electrons  off 
the  wire  scanner  wire  produce  most  of  the  signal.[3]  Ray 
tracings  on  scale  drawings  have  been  helpful  in  selecting 
locations  for  these  ion  chambers.  For  a  IGeV  beam,  an  ion 
chamber  is  installed  about  7m  downstream  of  its  wire  scanner. 


Locating  fast  ion  chambers  for  primary  beam  collimators 
presents  no  problem.  Because  of  the  large  amount  of 
radiation,  signals  in  the  hundreds  of  millivolts  are  obtained  by 
placing  the  ion  chamber  a  few  meters  downstream  of  the 
device. 


OPERATION 

Signals  from  the  fast  ion  chambers  are  monitored  on  real 
time  displays  (oscilloscopes)  and/or  fed  into  ADCs  (Analog 
Digital  Converter)  to  calculate  beam  sizes  and  monitor 
individual  bunch  losses  over  longer  periods  of  time. 

Fast  ion  chambers  used  with  wire  scanners  typically  have 
an  output  of  5mv  and  need  to  be  amplified.  The  signal  makes 
a  single  pass  through  a  LeCroy  612  xlO  amplifier  before  it  is 
fed  into  an  ADC.  Fig.  3  shows  a  wire  scanner  fast  ion 
chamber  setup 


Fast  ion  HV  input 
chainber 


Interface 


xlO 

Mipif 


Fig.  3:  Block  diagram  showing  basic  components  of  a 
wire  scanner  fast  ion  chamber 


LONG  ION  CHAMBERS 

Long  ion  chambers  (PLIC)  have  been  used  to  locate  beam 
loss  and  protect  the  accelerator  at  SLAC  since  its 
bcginning.[4]  The  system  consists  of  a  gas  dielectric  coaxial 
cable  approximately  35(X)m  in  length  installed  on  the  ceiling 
of  the  accelerator  housing.  Time  dispersed  PLIC  signals 
travel  upstream  to  the  start  of  the  cable.  They  are  reflected, 
and  travel  to  the  downstream  end  of  the  cable  where  they  are 
observed.  Because  it  is  viewed  from  the  downsueam  end  of  the 
cable  the  average  PLIC  pulse  propagates  over  about  5300m  of 
cable.  The  rise  time  of  a  PLIC  signal  is  distorted  by  the  cable, 
and  this  introduces  an  uncertainty  of  about  30ns  in  locating  the 
leading  edge  of  the  PLIC  pulse.[S] 

During  the  construction  of  the  SLC,  PLIC  cables  were 
installed  in  all  transport  lines.[6]  The  SLC  PLIC  signal  is 
viewed  from  the  upstream  end  of  the  cable  and  on  average,  the 
signal  propagates  over  only  300m.  In  this  case,  the  leading 
edge  can  be  determined  to  within  5ns. 

When  the  beam  path  length  and  the  length  of  the  PLIC 
cable  arc  equal,  locating  beam  losses  can  be  calculated  by 
using  an  oscilloscope  to  measure  the  time  from  the  start  of  the 
cable  to  the  leading  edge  of  a  PLIC  pulse.  This  interval  is  the 
sum  of  the  time  it  takes  the  beam  to  travel  from  the  start  of 
the  cable  to  where  the  loss  occurs  and  the  time  for  the  pulse 
induced  on  the  cable  by  the  loss,  to  return  to  the  start  of  the 
cable.  The  SLC  PLIC  cable  has  a  propagation  velocity  of 
0.914c  so: 


Tscope  =  Tbeam  +  TbeamA).914  (1) 
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wherc  T^pe  is  the  time  between  the  start  of  the  cable  and  the 
loss  measured  oh  the  scope,  and  Tbeam  is  beam  time 
from  the  st^  of  the  cable  to  the  beatn  loss. 

The  beam  time  lietween  any  two  events  is  the  time  displayed 
on  the  ^pe  divided  by  2.09. 

>When  th^  are  obstacles  and  bends  in  the  transport  line,  the 
^lelength  is  no  longer  equal  to  the  distance  traveled  by  the 
bcm,;and  equation  1  is  ho  longer  valid.  This  path  length 
probjerti  can  he  reduced  by  periodically  referencing  or 
fitucializing  the  PLIC  signal  to  a  particular  beam  line 
comirohenti  ’providing  a  local  reference  for  beam  loss 
ctiicuiations  using  equation  1.  T\^’o  methods  of  fiducializing 
the  PLIC  sipal,  pawive  and  active,  have  been  devised. 

A  p^ve  Hducial  is  produced  by  connecting  a  50  or  100ns 
ISttiof  solid  polyethylene  coax  (which  produces  no  PLIC 
when  it  is  irradiated)  between  sections  of  PLIC  cable, 
^tie  notched  pulse  shown  in  Hg,  4  is  produced  when  sections 
rof  PLIC  cable  with  this  solid  coax  between  them  are  irradiated. 
The  thick  line  indicates  the  time  of  a  SOns  fiducial  cable.  The 
lading  edge  of  the  second  pulse  (indicated  by  the  second 
cursor)  is  ;^(^cd  by  the  end  of  the  PLIC  cable  connected  to 
the  downsti^  end  of  the  fiducial  cable.  From  this  known 
edge,  the  time  ^ition  of  other  losses  can  be  measured. 

Two  discrete  losses  are  unresolved  when  the  time  between 
the  io&su  is  less  than  the  decay  time  of  the  PLIC  signal  from 
the  futiitoss.  The  second  loss  can  be  resolved  by  inserting  a 
Hduci^  cable  in' the  PLIC  cable  just  upstream  of  the  second 
loss.  The  tiducial  cable  provides  the  extra  time  needed  to 
aljow  the  PLIC  signal  from  the  first  loss  to  die  away. 

An  active  fiducial  can  be  produced  by  installing  a  coaxial 
switch  between  sections  of  PLIC  cable.  When  the  switch  is 
opened,  pulses,  created  from  earlier  beam  losses  that  propagate 
in  the  same  direction  as  the  beam,  reflect  off  the  open  switch, 
producing  an  inflection  in  the  PLIC  signal  at  the  switch's 
location.  Because  these  pulses  do  not  travel  at  the  same  speed 
as  the  beam,  there  must  be  beam  loss  at  the  switch's  location 
in  order  for  the  spike  to  accurately  indicate  the  position  of  the 
switch.  This  effect  is  shown  in  fig.  S. 

CONCLUSION 

Fast  ion  chambers  provide  beam  loss  information,  both  rca' 
time,  and  computer  processed  for  each  of  the  d’" 
bunches.  Accelerator  operators  monitor  the  real  tiii  4V 
to  help  them  diagnose  problems  in  machine  performance.  4  he 
processed  information  is  used  to  determine  beam  sizes  and 
emittances.  This  information  is  also  stored  so  that  individual 
bunch  beam  loss  variations  can  checked  for  correlations  with 
data  from  SLC  subsystems  to  identify  system  failures. 

Beam  losses  in  SLC  uansport  lines  are  located  with  greater 
accuracy  when  fiducials  in  the  PLIC  signal,  produced  by  delay 
cables  or  coaxial  switches,  are  used  as  references  for  beam  loss 
calculations. 


R.  Stickley,  R.  Leonard  and  R.  Baggs,who  helped  in  the 
design  and  did  the  fabrication  of  the  fast  ion  chambers. 

20mV/div  50ns/div 


Fig.  4:  SLC  PLIC.  Cursors  indicate  a  notch  in  the  PLIC 
signal  produced  by  a  SO  ns  fiducial  cable.  The  two  notches  to 
the  right  of  the  first  are  also  produced  by  fiducial  cables. 

50mV/div  lOOns/div 


Fig.  5:  SLC  PLIC  signals:  Trace  A,  PLIC  switch  closed. 
Trace  B,  PLIC  switch  opened.  The  cursor  indicates  the 
position  of  the  switch. 
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Abstract 

SSRL  has  built  a  3  GeV  injector  to  fill  SPEAR.  Many 
types  of  diagnostic  instruments  were  built  into  the  injec- 
tor’to  facilitate  a.nd  enable  comihissioning  and  operation. 
These  instruments- were  designed  to  give  accurate  infor¬ 
mation  for  low  beam 'currents  seen  in  the  early  stages  of 
commissioning  [1]  as  well  as  for  the  higher  currents  in  nor¬ 
mal  operation. 

I.  Introduction 

SSRL  has  built  and  commissioned  a  3.0  GeV  electron 
accelerator  as  a  dedicated,  full  energy,  injector  for  its  S- 
PEAR  storage  ring  [2].  The  beginning  of  the  ii\jector  is  a 
2856  MHi  RF  electron  gun.  This  gun  emits  a  peak  cur¬ 
rent  of  650  mA  of  2  MeV  electrons  for  2.5  /rsec.  These 
electron  bunches  are  compressed  in  an  alpha  magnet,  and 
then  pass  through  a  pulsed  chopper,  whicn  selects  three  of 
these  s-band  bunches.  These^  bunches  are  then  accelerat¬ 
ed  through  three  2856  MHs  linae  sections  to  an  energy  of 
130  MeV,  transported  and  iigected  into  the  cycling  boost¬ 
er.  Here  the  bunches  are  compressed  into  one  bunch  at 
358.54  MHs,  the  SPEAR  frequency,  and  accelerated  to  3 
GeV.  Finally,  the  bunch  is  ejected  from  the  booster  and 
injected  into  SPEAR.  The  injector  cycles  at  a  10  Hs  rate 
and  currently  delivers  greater  than  10^  electrons  per  cycle 
to  SPEAR. 

The  diagnostics  required  for  the  booster  are  dictated  by 
the  purpose  and  function  of  the  machine.  The  low  beam 
currents  and  single  bunch  character  of  the  system  reduce 
the  need  to  be  able  to  observe  many  high  frequency  phe¬ 
nomena  associated  with  instabilities  important  at  higher 
beam  currents.  The  fact  that  the  beam  stays  in  the  ma¬ 
chine  for  only  50  msec  also  removes  the  need  for  diagnos¬ 
tics  that  looks  for  lonj;  term  drifts  in  the  beam.  Also,  s- 
ince  the  SPEAR  injection  aperture  is  reasonably  large,  the 
knowledge  of  the  position  of  the  beam  does  not  need  to  be 
more  precise  than  a  few  hundred  microns.  The  diagnos¬ 
tics  and  associated  instrumentation  will  be  discussed  with 
these  points  in  mind.  The  paper  will  describe  the  function 
of  the  various  devices  in  three  different  situations: 

•  The  initial  commisioning  of  the  machine  when  sys¬ 
tems  were  being  checked  out  with  very  low  current. 

•  Machine  physics  on  and  characterization  of  the  in¬ 
jector  itself. 

•  The  normal  operation  of  the  machine  as  a  dedicated 
injector  for  SPEAR. 


II.  Faraday  Cup 

The  injector  has  two  Faraday  cups  for  charge  measure- 

•Work  supported  by  the  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  Division  of  Material  Sciences. 
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ment.  Both  are  used,  for  machine  characterization.  The 
first,  located  at  the  entrance  to  the  alpha  magnet,  is  an 
insertable  cup  used  to  measure  the  charge  emitted  by  the 
RF  electron  gun.  Since  the  beam  at  this  point  has  not  yet 
been  chopped,  high  currents  require  cooling  of  this  cup. 
The  cup  is  made  of  a  water-cooled  copper  bar  and  serves 
a  double  purpose  as  the  support  for  an  insertable  screen. 
Charge  here  is  measured  in  /xC/pulse.  The  second  cup 
measures  beam  out  of  the  linac.  It  is  located  at  the  end  of 
a  diagnostic  beamline  into  which  the  linac  current  can  be 
steered.  Because  of  the  higher  energies  of  the  beam  here, 
this  cup  is  made  of  lead.  To  prevent  contamination  of  the 
injector  vacuum,  the  lead  is  encased  in  stainless  steel  be¬ 
fore  it  is  placed  in  the  vacuum  system.  This  cup  receives 
less  than  one  nC/puIse. 

The  outputs  of  both  of  these  cups  were  fed  to  general 
purpose,  commercial  devices  for  measurement.  One  of  the 
most  useful  tools  we  have  found  in  commissioning  and  run¬ 
ning  the  accelerator  has  been  a  high  bandwidth,  f^t  digital 
sampling  oscilloscope.  Thb  scope  is  used  during  operation 
to  monitor  the  many  diagnostie  signals  from  the  acceler¬ 
ator.  During  machine  physics,  these  devices  can  sample 
signals,  such  as  the  current  discharge  from  the  Faraday 
cups,  and  perform  a  mathematical  calculation,  in  this  case 
integration,  that  gives  the  total  charge. 

III.  Current  Toroids 

Measurement  of  beam  current  in  many  different  part- 
s  of  the  injector  b  required.  Current  toroids  make  8 
of  these  measurements.  Preliminary  designs  had  toroids 
placed  inside  the  vacuum  system.  Several  early  experi¬ 
ments  showed,  however,  that  toroids  external  to  the  beam 
pipes  gave  good  results.  This  approach  not  only  saved  con¬ 
struction  cost  and  time,  but  it  abo  allowed  toroids  to  be 
put  in  places  where  they  would  not  have  otherwise  fit. 

Toroid  modules  were  constructed  around  a  vacuum  pipe 
with  an  inserted  ceramic  gap  that  prevented  a  DC  path  for 
the  beam-induced  wall  current  from  travelling  inside  the 
toroid  (Figure  1).  The  toroid  itself  was  placed  over  this 
pipe  before  the  end  flanges  were  welded  on.  A  tight  fitting 
aluminum  shroud  was  placed  over  the  toroid  assembly  to 
provide  a  low  impedance  path  for  the  wall  current.  Eight 
turn .  of  wue  on  the  toroid  gave  reasonable  signal  ampli¬ 
tudes  for  our  beam  currents.  Thb  wire  was  then  brought 
out  for  detection  through  Twinax  cable.  A  second,  one 
turn,  winding  was  abo  put  on  the  toroid  for  calibration 
purposes.  Although  the  toroid  assemblies  were  made  as 
compact  as  possible,  the  toroid  does  not  have  to  be  direct¬ 
ly  over  the  ceramic  gap  in  order  to  work.  As  long  as  the 
toroid  b  within  the  shroud  assembly,  it  functions  properly. 
In  one  place  where  space  was  very  tight,  we  even  installed 
a  toroid  by  first  sawing  it  in  two,  grinding  the  faces  to  in¬ 
sure  a  smooth  fit,  and  then  mechanically  joining  the  two 
halves  around  the  ceramic  gap. 

Toroid  electrical  performance  was  abo  very  good.  Stan¬ 
dard  commercial  magnetics  are  available  with  frequency 
response  better  than  500  MHz.  Since  our  cables  will  not 
pass  any  greater  frequency  over  the  distance  between  the 


1243 


Figutel 
Booster  toroid 


toroids  and  the  measuring  devices,  these  magnetics  were 
acceptable.  A  toroid  at  the  exit  of  the  chopper  enable  us 
to  see,  to  the  resolution  of  our  oscilloscopes,  the  number  of 
bunches  passing  through  the  chopper.  Because  the  toroids 
perform  so  well,  we  chose  to  use  a  toroid  instead  of  devel* 
oping  a  resistive  wall  current  monitor  in  the  Unae.  The 
basic  instrument  used  for  looking  at  these  and  other  fast 
signals  in  the  ring  is  a  high  bandwidth,  image  intensified 
oscilloscope,  one  that  enables  us  to  see  these  fast  ugnals 
at  a  10  Hs  repetition  rate. 

IV.  INSERTABLE  SCREENS 

Insertable  phosphor  screens  are  used  throughout  the 
injector,  providing  valuable  information  on  position  and 
structure  of  the  beam.  AB  screens  downstream  of  the  chop¬ 
per  need  no  special  cooling  or  construction  since  they  see 
only  very  low  beam  currents.  The  screen  which  intercepts 
the  largest  current,  that  in  the  alpha  magnet,  is  made  of 
a  more  durable  material  so  that  it  could  be  attached  to  a 
water  cooled  copper  bar  that  also  serves  as  a  Faraday  cup. 

The  screens  are  routinely  used  for  position  information 
during  injection  into  SPEAR.  Standard  cameras  are  posi¬ 
tioned  outside  viewports  and  bring  the  image  spot  back  to 
the  control  center.  Spot  position  aids  beam  steering;  spot 
structure  aids  focusing.  Spot  intensity  is  a  generd  ma¬ 
chine  diagnostic.  Machine  physics  also  uses  these  screens. 
Energy  dispersion  and  beam  emittance  can  be  calculated 
from  measured  spot  sises.  Quantitative  measurements  like 
these  are  made  by  analysing  the  digitized  outputs  of  an 
oscilloscope  that  outputs  a  standard  video  raster  scan. 

V.  Beam  Position  Monitors  (BPMs) 

Our  largest  diagnostic  system  is  the  beam  position  mea¬ 
suring  system.  We  greatly  benefited  from  expert  consulta¬ 
tion  Rom  SLAC  on  the  design  of  the  BPMs.  Forty  modules 
in  the  booster  ring  and  twelve  in  the  transport  lines  pro¬ 
vide  position  information  everywhere  in  tne  accelerator. 
The  original  design  called  for  button  electrodes,  but  tests 
of  prototype  modules  showed  that  a  20  dB  improvement  re¬ 
sulted  from  the  use  of  shorted  50  striplines  in  place  of  the 
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buttons.  Each  BPM  has  four  stripiines  10  cm  long,  each 
subtending  an  asimuthal  angle  of  w/4  (Figure  2).  Even 
when  we  have  only  10*  electrons  per  bunch,  the  BPM  sig¬ 
nal  is  still  about  15  mV  after  travelling  through  100  m  of 
RG223  signal  cable.  With  out  low  normal  current,  this  im¬ 
provement  is  very  important  to  maintaining  a  reasonable 
SNR  for  our  beam  position  measuring  system  [3].  In  fact, 
the  BPMs  ate  most  valuable  in  the  early  stagM  of  commis¬ 
sioning  when  the  beam  current  is  only  a  fraction  of  its  final 
operating  value.  Without  the  added  signal  the  striplines 
provide,  the  BPMs  would  have  been  useless  during  this 
time.  The  four  stripiines  in  each  module  allow  us  to  mea¬ 
sure  both  X  and  y  position  at  each  BPM.  These  modules 
ate  oriented  uimuthally  so  that  the  strii>lines  straddle  the 
horisontal  plane  of  the  beam.  This  minimises  the  syn¬ 
chrotron  radiation  received  by  any  electrode.  The  BPM 
positional  sensitivity  has  been  measured  to  be  about  .6 
dB/mm. 

The  fabrication  of  the  modules  was  also  crucial  to  their 
success.  For  cost  reasons,  the  BPM  is  a  welded  assembly, 
not  machined  from  a  single  piece  of  metal.  The  stripiines 
are  made  from  sectors  of  a  machined  tube  with  an  inner  di¬ 
ameter  of  6  cm.  Careful  construction  techniques  and  good 
quality  control  held  the  shape  and  position  of  the  stripiines 
to  .1  mm  after  assembly.  The  center  conductors  of  SO  il  ce¬ 
ramic  feedthroughs  were  welded  to  the  stripiines  to  insure 
a  good  electrical  connection.  Electrical  center  was  tested 
on  a  fixture  that  was  repeatable  to  .02  mm.  A  machined 
mounting  bracket  positions  the  BPMs  to  an  accuracy  of 
.1  mm  with  respect  to  the  girder.  After  all  tolerances  ate 
accounted  for,  the  BPMs  are  aligned  to  within  .5  mm  of 
the  neighboring  quadtupoles. 

The  mstrument  module  also  serves  as  a  vacuum  pump 
out  port  to  which  a  20  l/sec  ion  pump  may  be  attached. 
Good  vacuum  practice  requires  a  large  orifice  for  the  port, 
while  good  electrical  practice  requites  an  electrically  con¬ 
tinuous  wall  for  the  image  current.  The  compromise  that 
was  reached  was  a  circular  sieve-like  hole  pattern  for  the 
orifice.  Bench  tests  showed  no  noticeable  degradation  of 
the  electrical  signal  from  these  ports. 

VI.  Q  Meter 

The  Q  meter  is  a  large,  cylindrically  symmetric  capaci¬ 
tor  that  converts  image  current  from  the  beam  to  a  voltage 
that  can  be  monitored  (Figure  3).  Because  ofits  cylindrical 
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Figure  3 
Q  Meter 
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the  tunes.  Coupling  between  striplines  is  less  than  40  d- 
B,  so  that  the  sign^  due  to  the  beam  can  be  clearly  ob¬ 
served.  Using  a  crude,  homemade  AM  detector  and  a  very 
nice  spectrum  andyzer  that  updates  at  audio  rates,  we 
were  able  to  easily  measure  the  tunes  and  use  that  infor¬ 
mation  to  set  them  at  the  design  value.  A  future  devel¬ 
opment  project  for  the  iigector,  using  these  striplines,  is 
the  implementation  of  a  tune  feedback  system.  This  sys¬ 
tem  will  control  the  quadrupole  supplies  that  control  the 
tunes,  keeping  the  tunes  at  the  desired  value.  This  system 
has  already  undergone  preliminary  tests  at  SPEAR. 

VIII.  Conclusion 

The  diagnostic  instrumentation  that  was  designed  and 
installed  at  the  SSRL  iivjector  has  proved  more  than  ade¬ 
quate  to  commission  and  run  the  machine.  Careful  testing 
of  critical  components  to  insure  mciximum  signal  output 
of  these  devices  insured  their  usefulness  and  aided  in  the 
successful  commissioning  of  the  accelerator. 
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symmetry,  the  Q  Meter  output  is  independent  of  beam  po¬ 
sition  through  first  order.  Its  capacitance  is  about  40  pF, 
so  its  frequency  response  is  more  than  adequate  for  our 
needs.  The  signal  from  the  Q  Meter  gives  the  main  diag¬ 
nostic  signal  for  the  booster.  Displayed  on  a  high  band¬ 
width,  image  intensified  scope,  this  signal  shows  the  instan¬ 
taneous  current  in  the  booster.  The  quadrupole  tracking 
supplies  are  adtjusted  so  as  to  minimise  the  step  losses  from 
this  signal.  Since  the  magnitude  of  this  signal,  combined 
with  the  low  loss  cable  that  carries  it  to  the  control  con¬ 
sole,  enables  bunches  of  millions  of  electrons  to  be  seen, 
the  Q  Meter  was  also  very  valuable  in  the  early  stages  of 
commissioning. 

VII.  Stripline 

One  of  the  by-products  of  replacing  the  SLAC  to  S- 
PEAR  injection  line  was  the  acquisition  of  two,  one  meter 
striplines  units  (Figure  4).  These  units  each  have  four  50  Q 
striplines  with  connections  on  both  ends  of  each  line.  We 
have  currently  installed  one  of  these  units  in  our  booster, 
^though  its  signal  is  comparable  to  that  of  the  Q  Meter, 
its  design  gives  it  great  value  in  allowing  us  to  measure 
the  tunes  of  the  system.  Thb  unit  is  mounted  so,  like 
the  BPMs,  its  striplines  straddle  the  horizontal  plane.  By 
driving  a  pair  of  diagonally  opposed  striplines  with  a  few 
watts  of  power  near  the  tune  frequencies,  we  can  excite 
both  the  horizontal  and  vertical  tunes  of  the  beam.  Thb 
b  a  much  less  invasive  technique  than  exciting  the  tunes 
with  large  impubes  from  a  kicker,  for  example.  With  thb 
technique,  one  can  observe  the  tunes  without  dramatical¬ 
ly  changing  the  stability  or  character  of  the  beam.  The 
unused  striplines  of  thb  unit  can  then  be  used  to  observe 
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Abstract 

A  procedure  for  extracting  the  bunch  length  from  the  beam 
induced  voltage  spectrum  is  applied  at  CESR,  for  various 
bunch  currents,  to  indicate  whether  the  turbulent  length¬ 
ening  threshold  is  exceeded  by  short,  high-current;bunches. 
The  approach  is  to  monitor  the  signal  spectrum  from  one  of 
the  detector  buttons  up  to  8  GHs.  The  measuring  system 
is  calibrated  by  reference  to  a  low-current  bunch  (1  mA), 
which.is  assumed  to. have  a  gaussian  profile  with  the  the¬ 
oretically  predicted  length,  In  this  experiment  a  single 
bunch  was  used  with  a  natural  length  of  15  mm.  No  bunch 
lengthening  was  detected  up  to  a  current  of  20  mA. 

introduction 

Change  of  bunch  length  with  current,  indicating  the  turbu¬ 
lent  lengthening  threshold  for  short,  high-current  bunches 
was  searched  for  in  CESR.  The  approach,  using  read¬ 
ily  available  equipment,  was  to  monitor  the  signal  spec¬ 
trum  from  one  of  the  beam  position  detector  buttons.  To 
press  the  limit,  the  natural  bunch  length  was  reduced  to 
<Tt  ^  50  ps  by  using  a  lattice  with  Qh  ^  13.2(ap  =  0.0069). 
To  calibrate  the  measuring  system  we  assume  that  at  low 
current  (1  mA)  the  bunch  had  a  gaussian  profile  with  the 
theoretically  predicted  Vf 

Characteristics  of  Observed  Spectrum 

In  the  absence  of  coherent  beam  oscillations,  the  signal 
spectrum  from  a  pickup  electrode  consists  entirely  of  har¬ 
monics  of  the  revolution  frequency.  The  envelope  of  this 
spectrum  is  determined  by  the  bunch  length.  The  spec¬ 
trum  is  distorted  by  the  transfer  function,  J'(w),  of  the 
pickup,  cable,  and  any  added  filters.  As  indicated  below, 
this  distortion  is  a  major  effect.  However,  as  long  as  f  (w) 
remains  constant,  i.e.,  does  not  itself  depend  in  any  way  on 
bunch  current,  any  changes  in  the  observed  spectrum  can 
be  attributed  to  changes  in  the  bunch  length.  The  pickup 
electrode  receives  a  signal  induced  by  the  electric  field  of 
the  passing  bunch.  If  the  electrode  has  negligble  length, 

•Work  supported  by  the  National  Science  Foundation 


Frquency  (Hz)  (x  10*) 

Figure  1:  Normalized  Gaussian  Power  Spectrum 

the  signal  from  a  gaussian  bunch,  with  charge  profile  char¬ 
acterized  by  (Tt  =  (Ts/c^  has  a  gaussian  spectrum  envelope 
with  =  IM: 

-u'> 

F(w)  =  Voe^  =  (1) 

The  corresponding  power  spectrum,  expressed  logarithmi¬ 
cally,  is 

P{a;)  =  20log,oy(w)  =  20logioV'o  -  (2) 

The  normalized  spectrum  of  equation  2  is  plotted  in  Fig¬ 
ure  1  for  cTj  =  50  ps  and,  for  comparison,  also  for  55  ps, 
which  might  be  considered  a  significant  fractional  bunch 
lengthening. 

As  mentioned  above,  this  spectrum  is  modified  by  the 
transfer  function,  F(w)  of  the  monitoring  system.  The 
spectrum  envelope  observed  is  quite  different  from  that  of 
Figure  1,  for  the  following  reasons: 

a.  If  the  length  of  the  pickup  button  is  not  short 
compared  to  cTj,  the  charge  induced  on  it  varies 
as  the  convolution  of  the  button’s  geometry  with 
the  charge  piofile  of  the  bunch. 

b.  If  the  RC  cime  constant  of  the  button  is  short 
compared  to  at,  the  button  signal  is  given  by 
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the  cuiient,  i.e.i  by  the  time  de  iv  ive  of  the 
induced  chatge.  This  introduces  aTactpi  u  into 
F{u),  de-emphasizing  the  low-fiequency  compo¬ 
nent.  in  practice  RC  ~  300  •  2pF  =  60  ps, 
comparable  to  <rt  .  Thus  the  actual  shape  of  the 
low-frequency  rolloff  is  rnore  complicated. 

The  button  structure  is  not  properly  matched, 
arid  the  feedthrough  insulator  has  frequency- 
dependent  losses.  The  high  frequency  response 
is  »tremelyxuneven:  it  dips  sharply  above  about, 
3  GHz,  but/fortunately  shows  some  ‘windows’  of 
usable  transmission  around  7-8  GHz. 

For  convenience,  the  signal  is  brought  all  the  way 
into  the  control  room.  A  26  m  long  cable  has  its 
bwii  high  frequency  cutoff. 

Because  the  signal  at  the  end  of  the  cable  can  be 
as  large  as  100  V  peak,  it- must  be  attenuated. 
This  was  done  with  a  4  GHz  high-pass  filter. 

Including  the  effect  of  the  total  transfer  function  F{u)  on 
the  measured  signal,  the  power  spectrum  is: 

P(w)=.201ogioJ’(w)  +  201og,oVo-  171.4ff?/2(dB)  (3) 

where  trj  is  the  bunch  length  at  current  I.  (The  bunch 
shape  is  assumed  to  remain  gaussian.) 
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Figure  2:  Digitized  power  spt^ctrum  at  12.3  mA  in  a  win¬ 
dow  of  10  MHz  around  6.55  GHz 


Measurement  Procedure 

The  measurement  consists  of  recording  parts  of  the  spec¬ 
trum  with  a  low-current  bunch,  and  then  repeating  the 
readings  at  the  same  freque.icies  with  bunches  of  progres¬ 
sively  larger  cu.rent.  It  is  clear  from  Figure  1  that  bunch 
lengthening  is  rnost  readily  detected  by  covering  the  spec¬ 
trum  to  the  highest  accessible  frequency.  The  procedure, 
which  eliminates  the  dependence  of  the  signal  on  is  to 
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Figure  3:  Values  ofo-;  at  12.7  ma  obtained  at  the  different 
frequencies  of  the  power  spectrum 


monitor  the  ratio  between  the  spectrum  envelope  at  some 
selected  frequency,  /„ ,  and  at  a  reference  frequency,  f\ .  If 
P„  and  P\  are  the  power  spectrum  measured  at  frequencies 
/„  and  /j,  then: 


(P„  -  P,)/  =  20log,oP,u  -  171.4(/,;  -  /?)<T?(dP]  (4) 


where 


P„.= 


FM 

P(wi) 


(5) 


At  low  current,  we  assume  that  the  bunch  has  the  theoret¬ 
ical  bunch  length, 

(6) 


O-o  = 


fl,  ■  Eo 


where  aj,,cr£,n,  and  Eo  are  the  momentum  compaction, 
energy  spread,  synchrotron  frequency  and  electron  energy, 
respectively.  The  low-current  measurement  then  yields 


201og,o  F,a  =  (P..  -  Pi)o  +  171.4(/‘  -  (7) 


and 


<»•/ 


=  ( 


(P»-Pl)a-(P,.-Pl)/ 


-0 


1/2 


(8) 


where  the  index  ‘o’  is  used  to  denote  low  current.  The 
error  in  tr/  due  to  a  measurement  error  in  the  spectrum  is: 


_A[(P,.-Pi)o-(P,.-Pi);] 

342.8  (/2-/f)rr„ 

Note  that,  the  larger  the  distance  between  /„  and  the  ref¬ 
erence  frequency  /i,  the  smaller  the  error  in  <r;. 

At  the  time  of  the  experiment,  CESR  was  operating  with 
a  single  RF  cavity.  The  data  were  taken  w-ith  a  lattice 
of  high  horizontal  tune,  Qu  -  13.2,  Op  =  0.0069,  <r„  = 
50psec,  with  a  single  bunch  of  positrons.  The  output  of 
the  spectrum  analyzer  was  connected  to  a  digitizer  and  the 
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Figure  4;  (Tj  for  different  bunch  current 

d&ta  were  recorded  by  a  computer.  A  sample  spectrum,  is 
shown  iii;;Figure  2. 

The  spectrum  was  measured  at  a  few  different  frequen¬ 
cies  /n  for  each  current.  For  each  measurement  thecpower 
spectrum  peaks  (see 'Figure  2)  were  averaged  in  a  10  MHs 
(cr25  revolution  harmonics)  window  centered  on  /„.  The 
reference  frequency  fi  was  taken  at  8  GHs.  (For  more  de¬ 
tails  about  the  measurement,  see  reference  [1]).  Figure  3 
shows  values  of  crj  at  12.7  mA  calculated  from  equation  8 
at  the  different  /„  with  the  error  calculated  from  equa¬ 
tion  9  for  AP  =  1  dB.  The  straight  line  is  a  least-square 
fit  to  the  data.  Figure  4  shows  the  bunch  length  measured 
in  ,CESR  at  three  currents  using  the  above  procedure. 

Conclusions 

No  signifcant  bunch  lengthening  in  CESR  was  observed 
up.to  a  bunch  current  of  20  mA,  ^  seen  in  Figure  4.  This 
observation  agrees  with  a  previous  result,  obtained  in  1983 
by  detecting  the  synchrotron  light,  before  the  installation 
of  horisqntal  separators  in  CESR  [2].  Both  expe’iiments  as¬ 
sume  that  the  bunch  shape  is  gaussian  and  are  thus  unable 
to  detect  shape  changes  involving  a  particular  mode  [3]. 
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Abstract 

Prototype  beam  diagnostics  for  the  400  MeV  linac  ate  be¬ 
ing  designed  tmd  test^.  These  new  diagnostics  include;  wire 
scanners,  stripline  be^  position  monitors  which  fit  within  the 
quadrupoles,  Tevatron-style  resistive  wall-current-mpnitors 
and  Feschenko-style  bunch  length  detectors.  Several  of  these 
devices  have  been  tested  with  1 16  MeV  and  200  MeV  H'  beam 
in  the  ^sent  200  MeV  linac. 

I.  Introduction 

The  last  four  201  MHz  Alverez  tanks  of  the  twenty-year- 
old,  200  MeV  Fermilab  Linac  are  being  replaced  by  seven 
high-gradient  (7  KV/m),  high-frequency  (805  MHz)  side- 
coupled-cavity  structures  to  produce  a  400  MeV  beam  for  in¬ 
jection  into  the  Booster[l].  Good,  reliable  beam  diagnostics 
are  an  important  factor  in  the  success  of  this  project,  particu¬ 
larly  for  the  commissioning.  The  diagnostics  are  being 
designed  with  the  following  challenges  in  mind. 

/  The  space  available  for  diagnostics  is  limited.  There  is  only 
the  four-meter  transition  section  and  3pX/2  drifts  between  each 
accelerating  section  for  the  diagnostics. 

/  Good  steering  is  important  because  the  beam  takes  up  a 
greater  percentage  of  the  aperture  in  the  new  Linac.  In  the  new 
Linac,  the  beam  aperture  is  smaller  (3  cm  vs  the  old  4  cm)  and 
^mix  ^  ^  ^  Linac. 

/  The  longitudinal  phase-space  into  which  the  beam  is  injected 
at  the  beginning  of  the  new  Linac  is  small.  Therefore,  measur¬ 
ing  and  understanding  the  longitudinal  match  between  the  two 
structures  is  important. 

/  Our  old  Linac,  as  reliable  as  it  is,  has  yielded  precious  little 
information  about  the  nature  of  its  beam,  especially  in  its  mid¬ 


*  Fermilab  is  qwrated  by  the  Universities  Research  Associa¬ 
tion,  Incorporated,  under  contract  with  the  United  States 
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die  where  injection  to  the  new  linac  is  to  occur.  Thus,  many 
plans  and  designs  for  the  new  Linac,  the  transition  section  in 
particular,  rely  on  the  existence  of  excellent  diagnostics  to 
identify  and  correct  unexpected  features  of  the  beam  revealed 
during  commissioning. 

/And,  finally,  we  will  need  to  commission  the  new  Linac  as 
quickly  as  possible,  so  it  will  be  important  to  have  reliable  di¬ 
agnostics  as  soon  as  commissioning  begins. 

We  have  mafe  a  design  of  each  of  the  daignostics  elements. 
Figure  1  shows  the  mechanical  layout  of  the  inter-section  re¬ 
gions  for  the  second  accelerating  module. 

n.  Diagnostics  Systems 

A.  Beam  Position  Monitors  and  Steering  Correction 

A  quadrupole-stripline,  non-intercepting  beam  position 
monitor  (BPM)  has  been  designed  and  prototyped.  The  four 
plates  each  subtend  20°.  The  inside  diameter  of  the  monitor  is 
3,25  cm.,  and  the  outside  diameter  is  3.8  cm  —  just  enough  to 
fit  inside  the  pole-tips  of  the  new  quadrupole  magnets.  The 
overall  length  is  9  cm.  The  SMA  vacuum  feedthrough  con¬ 
nectors  on  the  strips  are  easily  accessible  between  the  poles  of 
the  quad. 

Compact,  picture-frame  iron  dipole  magnets  of  the  type 
used  currently  are  to  be  used  in  the  new  Linac.  We  have  made 
two  tvq)es  of  these  magnets:  Type  1  is  6.S  cm  long  and  has  a 
total  iB  dl  equal  to  3990  G-cm  (at  S  A  coil  current);  Type  2  is  9 
cm  long  and  has  a  total  field  of  5560  G-cm.  The  Type  1  mag¬ 
nets  will  go  within  modules  1  and  2,  where  space  is  most 
limited;  the  Type  2  magnets  will  go  everywhere  else,  including 
the  transition  section  [2].  With  a  Type  1  magnet  at  the  begin¬ 
ning  of  module  1 ,  a  kick  of  2.7  mrad  is  achieved. 

There  is  to  be  a  BPM  within  each  quadrupole  magnet,  four 
per  module,  with  instrumentation  to  read  out  four  of  the  eight 
available  signals  from  these  monitors.  This  produces  four  po¬ 
sition  readings  per  2n  phase  advance  (79°  per  FODO  cell). 


Figure  1,  Mechanical  layout  of  the  diagnostics  within  Module  2  of  the  new  Fermilab  805  MHz  Linac.  The  final  drift  shown  here 
is  repeated  between  sections  3  and  4, 
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eiip^  readings  to  accurately  measure  the  steering  and  the  be¬ 
tatron  amplitude. 

The  if  si^ials  from  oi^ite  plates  of  a  BPM  are  converted 
;t6  dc  vol^ges  proportional  to  the  beam  position  and  to  the  rf 
ihtena^  by  an  ^  module/decoder  similar  to  the  ptie  presently 
in  iiK  [3]i  The  old  design  has  been  modified  to  increase  die 
bpdwidth  of  the  j^sidon  signal  to  25  MHz  (from  0.8  MHz). 

A  Linac.cpntrol  system  local  control  station  [4]  will  run  a 
local  {^plication  program  to  actively  correct  the  steering  of  the 
Linac  on  a  pulse-by-pulse  basis. 

B,  Wife  Scanners 

A  new,  compact  two-plane  wire  scanner  has  been  designed. 
This  stepping-motor-driven  device  fits  in  only  4  cm  of  beam 
line.  Two  wire  scanners  will  be  installed  within  module  1,  one 
at  a  waist  in  X  aiid  the  other  at  a  waist  in  Y.  A  single  wire 
.  scanner  will  be  placed  in  each  of  the  other  modules. 

A  prototype  has  been  installed  at  the  output  of  Tank  S  in 
the  existing  Linac,  the  injection  point  of  the  new  side-coupled 
Linac.  Using  the  penultimate  quadrupole  magnet  in  Tank  S,  we 
have  measured  the  beam  Twiss  parameters  with  this  wire 
scanner.  The  technique  is  the  standard  one,  where  the  quad 
gradient  is  varied  and  the  width  of  the  beam  is  measured.  The 
resulting  curve  in  gradient-versus-(width)^-space  traces  out  a 
parabola  whose  steepness  is  proportional  to  the  beam  emittance. 
The  results  are  shown  in  Figure  2. 

C,  Bunch  Length  Delector  (BLD) 

A  technique  exists  to  accurately  measure  the  phase  extent 
(aXa.  bunch  length)  and  the  phase  density  of  a  linac  beam  [S]. 
We  have  consulted  with  A.  V.  Feschenko  and  have  built  some 
prototypes.  The  details  of  the  operation  of  this  device  can  be 
found  elsewhere.[6]  Our  goal  is  to  obtain  a  resolution  of  ap¬ 
proximately  1  °  at  80S  MHz;  Feschenko  obtained  a  resolution  of 
0.8®  at  198  MHz.  Several  small  changes[6]  in  Feschenko’s  de¬ 
sign  are  being  implemented  to  obtain  this  increased  rewlution. 

A  rather  high  deflector  gradient,  around  2KV/cm,  is  re¬ 
quired  to  achieve  adequate  resolution.  A  design  for  that 
deflector  has  been  made  using  a  pill-box  cavity  excited  in  a 
transverse  mode.  We  will  drive  it  with  approximately  400  W  of 
80S  MHz  power  with  the  same  amplifier  used  for  the  driver 
stage  of  the  klystrons. 

We  plan  to  install  three  BLD’s  in  the  transition  section, 
two  in  the  400  MeV  transfer  line  and  one  near  the  end  of  the 
linac,  possibly  within  module  7. 
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Figure  2,  Ermttrance  results  using  a  single  scanning  wire  and  a 
tuned  quad  at  116  MeV  in  the  existing  Fermilab  Linac. 

(their  main  function  in  the  other  Fermilab  accelerators),  extra 
ferrite  has  been  added  to  facilitate  a  low-hrequency  beam  cur¬ 
rent  measurement.  To  save  space,  we  have  opted  not  to  include 
Pearson-type  beam  toroids  in  our  Linac  in  favor  of  this  readout 
The  third  function  performed  by  the  RWM*s  is  to  provide 
a  fast,  beam-induced  rf  signal  which  will  be  used  in  the  At  pro¬ 
cedure  as  the  beam-phase  readout  see  below, 

A  specially-modified  Tevatron-style  resistive  wall  monitor 
(aperture=8  cm,  length=10  cm)  has  been  installed  at  the  output 
of  Tanks.  The  output  of  this  detector  has  been  analyzed.  For 
a  beam  with  velocity  P<1,  the  electric  fields  from  a  single  par¬ 
ticle  in  the  center  of  tte  beam  pipe  spread  by  an  angle  which  is 
prc^rtional  to  1/y.  Thus,  a  delta-function  beam  does  not  pro¬ 
duce  a  delta-function  signal  on  a  wall-current  detector,  fl^is, 
by  the  way,  is  the  motivation  for  constructing  a  bunch  length 
detector  as  described  in  the  i^evious  section.)  Nevertheless, 
some  bunch  length  information  can  be  obtained  from  this 
device.  One  can  compensate  for  this  effect  through  a  de- 
convolution  of  the  observed  signal  from  the  spreading 
function.[6]  The  photograph.  Figure  3a,  is  from  the  new  Linac 
RWM  at  the  output  of  Tank  5.  Using  this  technique,  we  infer 
that  this  signal  was  produced  from  a  beam  with  a  phase  extent 
of  approximately  30®  (±10®),  Figure  3b. 


D.  Resistive  Wall  Monitors 

Resistive  Wall-current  Monitors  (RWM’s)  have  been  used 
with  great  success  in  the  other  accelerators  at  Fermilab.[7]  A 
design  has  been  made  for  the  new  Linac  considering  the  small¬ 
er  space  (3  cm)  and  the  smaller  aperture  (also  3  cm)  of  this 
accelerator.  The  RWl.I  for  Linac  h^  a  bandwidth  of  6  GHz. 

The  RWM  to  be  used  in  our  new  Linac  will  have  triple 
duty.  In  addition  to  a  rudimentary  bunch  length  measurement 


E.  The  A/  procedure 

A  procedure  has  been  established  at  several  laboratories, 
most  notably  LAMPF,  to  accurately  set  the  phase  and  gradient 
of  a  series  of  linac  accelerating  modules.  This  procedure,  re¬ 
ferred  to  as  the  “At  procedure,”  is  described  elsewhere  at  this 
conference  [9].  As  stated  above,  it  uses  the  fast,  beam-induced 
rf  signal  from  the  RWM  at  the  input  to  each  module  for  the 
approprolate  time-of-flight/phase  information. 
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Figure  3a,  Signal  from  RWM  at  116.4  MeV  (1  GHz  scope),  olh 
served  FWHM"440 psec. 


Phase  extent  of  beam,  Degrees 

Figure  3b,  Results  of  convoluting  beam  signal  with  RWM  re- 
sponse  Junction,  r^4  cm,  E^116.4  MeV 

F.  Beam  Loss  Monitors 

We  will  also  include  beam  loss  monitors  in  the  new  Linac. 
These  devices  have  not  been  designed  yet 

in.  Transition  Section 

The  four-meter-long  transition  section  matches  the  beam, 
transversely  and  longitudinally,  from  the  200  MHz  drift-tube 
linac  to  the  805  MHz  side-coupled  cavity  linac.  Details  on  its 
design  can  be  found  clsewhere.[9]  Since  most  of  the  transition 
section  is  drift  spaces  for  longitudinal  and  transverse  matching, 
there  is  plenty  of  space  for  diagnostics. 

Wire  scanners  are  be  placed  at  the  beginning,  middle  and 
the  end  of  the  transition  section  to  facilitate  emittance 
measurement.  A  simple  way  to  measure  emittance  is  to  place 
the  three  wire  scanners  in  a  field-free  re^on  separated  by  drift 
spaces,  as  already  implemented  in  the  200  MeV  line.  For  a 
more  general  case,  this  method  requires  knowledge  of  the 
transfer  matrices  through  the  space  containing  the  three  wire 
scanners.  For  this,  we  have  used  TRACE3D  [10]  with  the 
space  charge  effect  included.  (Including  space  charge  makes 
the  transfer  matrix  dependent  on  the  beam  profiles.)  In  partic¬ 
ular,  we  studied  the  effects  of  measurement  errors  in  the  beam 
width,  and  of  quadrupole  reading  errors  on  the  resulting  trans¬ 
verse  emittance.  For  the  transition  section  we  have  have  found 
that  the  sensitivity  of  the  calculated  transverse  emittance  on  the 
measured  beam  width  around  its  nominal  value  is  higher  in  the 


vertical  plane  than  in  the  horizontal  plane.  The  functional  form 
of  the  sensitivity  curve  is  very  close  to  linear  with  respect  to 
beam  widths  at  the  beginning  and  end  wire  scanners,  and  close 
to  quadratic  at  the  middle  wire  scanner.  Changes  in  the  sensi¬ 
tivity  due  to  space-charge  effects  are  small.  Errors  due  to  both 
quadrupole  regulation  during  the  measurement  and  to  reading 
errors  are  not  significant  for  the  first  and  last  quad,  but  a  1% 
error  in  the  second  quad  makes  a  2%  error  in  the  emittance. 

We  plan  to  include  three  bunch  length  detectors  in  the  tran¬ 
sition  section  to  allow  us  to  measure  the  longitudinal  emittance 
of  the  beam.  This  method  is  essentially  similar  to  the  trans¬ 
verse  emittance  measurement  just  described.  Because  of  the 
tight  space  between  Tank  5  and  the  debuncher  cavity,  the  latter 
had  to  be  moved  downward  by  10  cm  to  accommodate  a  wire 
scanner,  a  steering  coil  and  a  bunch  length  detector.  Calcula¬ 
tions  made  with  TRACESD  have  shown  that  moving  the 
debuncher  in  this  manner  without  a  significant  change  in  its 
field  gradient,  still  gives  an  acceptable  longitudinal  beam 
profile. 

IV.  Conclusions 

In  order  to  commission  the  new  805  MHz/400  MeV  Fer- 
milab  Linac  in  the  allotted  time,  extensive  and  accurate  beam 
diagnostics  are  to  be  used.  In  addition  to  fairly  standard  beam 
position  monitoring  and  correcting,  we  plan  to  include  in  the 
new  Linac:  wire  scanners  for  emittance  measurement.  At  pick¬ 
ups  to  aid  in  setting  the  phase  and  gradient  of  the  high-power 
klystrons,  and  bunch  length  monitoring  devices  throughout  the 
Linac. 
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Abstract 

A  system  for  continuous  real  time;  measurement 
of  betatron  tune  Has  been  developed  and  installed  for 
the  Fermiiab  Tevatron  and  Accumulator  ring.  A 
phase*locked  loop,  using  a  considerable  amount  of 
input  signal  preconditioning,  is  used  to  lock  to  a 
betatron  oscillation  harmonic  in  the  Schottky  detector 
output  signal.  This  system  has  demonstrated  the 
capability  of  measuring  the  Tevatron  fractional  tune 
to:  an  accuracy-  of  +.0G2  at  .1^  Hs  bandwidth.  The 
desired  time  spectrum  line  has  a  very  low  signal  to 
noise  ratio,  undesired  revolution  frequency  harmonies, 

■  frequency  modulation  with  wide  deviations,  and 
amplitude  modulation  with  levels  to  100%,  Shown 
are  the  techniques  used  to  overcome  some  of  these 
limitations,  with  examples  of  the  systems  accuracy 
and  tracking  performance. 

Introduction 

The  tune  number  is  described  as  the  number  of 
betatron  oscillations  around  one  revolution  of  the 
ring,  which  is  normally  in  the  range  of  19.35  to 
19.45  for  the  Tevatron,  It  is  commonly  referred  4o 
by  the  fractional  part  of  the  number,  symbolised  by 
Vi  The  signal  originates  from  a  Schottky  detector  as 
a  21  MHs  signal,  a  harmonic  of  the  Tevatron  47 
KHi  revolution  frequency  (Frtv).  This  signal  is 
down-converted  in  two  stages  by  mixing  with 
multiples  of  Fmv  leaving  a  difference  frequency  of 
I/(Fitv)  or  nominally  19  KHs.^  Measuring  the 
frequency  and  scaling  by  a  fixed  value  for  Frev 
produces  the  desired  fractional  tune  value.  This 
method  allows  the  use  of  a  low  frequency  spectrum 
analyser  to  monitor  the  tune,  however  they  are  too 
slow  for  making  fast  time  plots  or  for  use  in  a 
possible  feedback  scheme.  Another  method  is  to  use 
a  phase-locked  loop  *tune  tracker*.  Described  in 
this  report  are  the  efforts  to  overcome  some  applica¬ 
tion  problems  and  optimise  the  performance  of  a 
phase-locked  loop  (PLL)  system. 

Design  Considerations 
Tht  Tevatron  Signal: 

1.  The  tune  range  of  .35  to  ,45  for  the  Tevatron 
gives  a  tune  signal  range  of  16.7  to  21.5  KHs. 

2.  The  output  amplitude  level  is  nominally  -20dBm, 
but  ranges  from  -50  to  0  dBm  depending  on 
acceleration  mode. 


*Operated  by  Universities  Research  Association  Inc. 
under  contract  with  the  U.S.  Department  of  Energy. 


8.  The  signal  is  normally  only  3  to  10  dB  above 
the  noise  floor.  The  S/N  .ritio  is  calculated  from 
the  ratio  of  the  power  speitrums*  and  tyjpically 
has  a  value  less  than  onel. 

4.  Revolution  frequency  and  betatron  oscillation 
harmonics  and  sidebands  are  present  at  every 
N(Ftev).  The  largest  of  these  is  the  tune  signal 
image  frequency  at  (l-l/)Frev  (26-31  KHsl,  (Fig, 
U  and  is  about  equal  to  the  desired  signal. 

5.  The  signal  is  frequency  modulated  (FM),  with  a 
gaussiah  distribution  of  frequency  components  of 
0  to  iKHs. 

6.  The  signal  is  also  amplitude  modulated  (AM), 
(Fig.  2)  with  levels  reaching  100%,  and  with 
frequency  components  to  IKHs  6W. 


•15 


0  Hz  lOOHz 

Fig.  1.  Frequency  spectrum  of  the  tune  signal, 
showing  revolution  frequency  harmonics  and  sidebands 
present. 


Fig.  2.  Typical  signal  with  100%  A.M.  (top)  and 
error  signal  of  PLL  trying  to  maintain  lock  to  same 
signal. 

For  the  Anti-Proton  (AP)  Accumulator  ring  a 
low  frequency  Schottky  detector  is  used,  with  output 
at  245  KHz.  A  variation  of  the  same  PLL  system 
is  used,  in  this  case  without  frequency  conversion, 
but  requiring  a  real  time  Frev  measurement.  The 
AP  signal  is  similar  to  the  Tevatron  signal  except 
that  it  has  a  better  signal  to  noise  ratio  and  the 
undesirable  harmonics  eure  farther  away. 
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Ptrformanei  Goals: 

1.  Use  a  PLL  circuit  to  measure  the  fractional  tune 
of  the  Tevatron  in  real  time  with  resolution  and 
accuracy  to  within  .002  fractional  tune. 

2.  The  dynamic  response  characteristics  of  PLL, 
must  enable  tracking  a  tune  signal  containing 
FM  of  500  Hz  bandwidth  (BW),  at  a  100  Hz 
Mod.  rate,  maintaining  accuracy,  and  FM  of  6 
KHz  BW  maintaining  lock. 

3.  The  PLL  must  lock  to  and  track  the  tune  signal 
from  an  initial  unlock  condition,  at  turn  on,  or 
for  any  frequency  step  within  the  tune  range. 

4.  'Provide  a  noise  free  output  to  indicate  a 
■locked*  condition. 

Circuit  Design 

A  review  of  PLL  design  theory  shows  the 
relative  merits  of  the  various  types  of  circuits, 
There  are  many  types  of  phase*detectors,  but  all  can 
be  classified  as  either  linear  or  digital.  The  PLL 
textbooks^’^  strongly  emphasize  the  use  of  a  linear 
phase-detector  for  tracking  filters,  or  for  any  applica¬ 
tion  where  the  signal  is  buried  in  noise. 

The  digital  detector,  as  its  name  implies,  uses 
logic  gates  which  are  switched  at  threshold  levels, 
zero  crossings,  or  rising/falling  edges.  It  is  highly 
susceptible  to  any  noise  or  jitter  on  the  input  signal 
at  the  threshold  levels  of  the  input  comparator,  while 
its  internal  logic  functionally  stores  the  resulting  false 
triggers.  The  output  uses  logic  levels  with  a  varying 
duty  cycle  'to  indicate  the  phase  error,  again 
introducing  uncorrelated  digital  noise. 

The  linear  phase-detector  is  an  analog  device, 
usually  a  mixer  or  an  integrated  circuit  multiplier, 
which  actually  multiplies  the  inputs  together,  giving 
an  output  product  containing  the  phase  error.  Noise 
on  the  input  signals  has  an  effect  on  the  output  only 
in  *linear'  proportion  to  the  relative  noise  power. 
Small  glitches  produce  a  corresponding  small  amount 
of  phase  noise,  more  readily  reduced  by  the  loop 
filter. 

Several  diHerent  types  of  phase-detectors  were 
tried  on  the  actual  tune  signals  to  check  their  perfor¬ 
mance.  The  above  comments  were  verified,  with  the 
digital  types  able  to  maintain  lock  only  about  75% 
of  the  time,  compared  to  nearly  100%  for  the  linear 
types.  The  linear  detector  however,  is  amplitude 
sensitive  and  since  the  input  has  a  high  level  of  AM 
and  wide  signal  strength  varation,  additional  condi¬ 
tioning  circuitry  is  required.  References'*^  indicated 
that  the  best  performance  would  be  obtained  by 
using  a  limiter,  rather  than  an  automatic  gain 
control  circuit. 

Shown  in  Fig.  3  is  a  block  diagram  of  the 
Tevatron  circuit.  The  overall  circuit  includes  a 
narrow  bandpass  filter,  a  high  gain  limiter,  and  a 
linear  phase-detector.  The  BPF,  an  8th  order 
Chebyshev,  attenuates  most  undesirable  harmonics 
by  40  to  70  dB.  The  preamp,  filter  and  the  limiter 
combine  to  produce  a  dynamic  range  of  about  80 
dB,  with  the  PLL  section  maintaining  lock. 


The  PLL  circuit  (Fig.  4)  used  in  this  system  is 
a  second-order  type  using  an  active  loop  filter.  The 
circuit  is  constructed  using  separate  IC’s  for  the 
major  components,  to  allow  flexibility  in  the  loop 
filter,  loop  gain  and  the  output  scaling.  The  loop 
filter  natural  frequency  is  set  as  low  as  possible 
(about  2  Khz),  consistent  with  a  damping  factor  of 
.7  and  gain  that  allows  sufficient  tracking  and  lock 
in  range.  The  PLL  error  voltage  passes  through 
final  filters  (post  PLL  BW  limiting),  and  buffers  to 
provide  the  outputs. 


Fig.3.  Block  diagram  of  the  Tevatron  tune 
measurement  system. 


PHASE  OET. 


PHASE  OET.  COHPAHATOH 

IDCA  INO. 


Fig.4.  Block  diagram  of  the  phase-locked  loop  circuit. 

ResnltB 

The  performance  was  monitored  during  Collider 
operation  and  during  a  recent  fixed  target  run  where 
the  'Tune*  ranged  from  .45  at  injection  to  .5  at 
extraction.  Shown  in  Figs.  5  thru  7  are  fast  time 
plots  of  the  PLL  output,  for  complete  Tevatron 
cycles,  showing  a  continuous  tune  measurements. 
Comparisons  with  data  from  simultaneous 
measurements  with  a  spectrum  analyzer  indicate  that 
the  system  is  capable  of  accuracy  to  +  .C02  (of 
fractional  tune).  The  Tevatron  Tune  distrubances 
caused  by  the  Main  Ring  accelerator  magnet  ramping 
are  quite  apparent  in  Fig.  6.  The  quality  of  the 
signals  has  a  wide  variation,  depending  on  the  mode 
of  accelerator  operation,  and  is  not  always  sufficient 
to  give  this  accuracy,  or  even  a  locked  condition.  In 
this  application,  vertical  signal  feedthrough  on  the 
horizontal  signal  (and  vice-versa)  is  too  close  to  be 
completely  filtered  out,  and  tends  to  pull  the  PLL 
off  frequency,  producing  a  measurement  error. 
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Fig.  5  Plot  of  the  Tevatron  tune  during  collider  oper¬ 
ation. 
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Conclusions 

Because  of  the  complex  nature  of  the  input 
signal,  the  high  noise  level,  and  the  various 
harmonics  and  modulation  present,  a  study  of 
performance  is  highly  statistical  in  nature.  A  phase- 
locked  loop,  connected  as  a  tracking  Hlter,  will  "lock* 
or  center  its  VCO  on  the  average  of  the  frequency 
spectrum  of  the  input  signal,  not  necessarily  the  peak 
harmonic.  The  PLL  will  respond  to  all  harmonics  or 
FM  noise  in  its  tracking  range,  in  accordance  with 
their  relative  power  content,  as  modified  by  the  roll¬ 
off  characteristics  of  the  loop  filter. 

The  measurement  accuracy  is  therefore  somewhat 
dependent  on  the  signal  to  noise  ratio  and  the 
symmetry  of  the  input  spectrum.  In  general,  the 
accuracy  of  +.002  tune  requires  a  signal  that  is  at 
least  5  dB  above  a  relative  flat  noise  floor. 
Although  it  is  by  no  means  perfect,  and  has  not 
replaced  the  spectrum  analyser,  this  system  has 
shown  to  be  a  useful  tool  for  measuring  the  tune. 

The  system  is  under  continuing  development,  in 
an  effort  to  improve  its  performance  when  the  signal 
quality  is  poor.  Testing  has  shown  that  the  input 
conditioning  circuit  is  not  yet  optimised.  Under 
consideration  is  a  narrow-band  trackiug-filter 
(adaptive  filter),  that  has  shown  consilderable 
improvement  in  isolating  the  peak  signal.  Future 
development  will  also  include  an  expanded  system, 
that  will  provide  the  capability  of  beam  excitation* 
which  greatly  mcreases  the  detector  signal  strength 
when  used. 
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COUPLED  BIJ^^CH  DIPOLE  MODE  MEASUREMENTS  ACCELERATING  BEAM 

IN  THE  EBRMILAB  BOOSTER 

p.  McGinms,  L  Marriner,  V.  Bharadwaj 
Fenni  Nation^  Accelerator  Lalxjratory  * 


Abstract-TKe  di^Ie  oscillation  of  a  coupl^  bimch  mode  is 
measm^  using  -a  fut  single  shot  digitizing  oscilloscope.  The 
phue  Mntroid  of  the  bunchu  is  determined  from  the  digitized 
waveform.  The  phase  ^r  of  the  bunches  as  a  function  of  bunch 
numlm  is  thm  Fourier  analyzed  which  provides  the  coupled  bunch 
tnode  spMtrum;  The  resulting  spectrum  is  us^  to  determine  the 
evolution  of  coupled  bunch  ihode  instabilities  in  the  Fermilab 
Booster.  Tliis  method  cim  determine  the  coupled  bunch  mode 
spMtrum  in  a  siiigle  turn  in  contrast  to  frequency  domain  methods 
which  take  at  least,  a  full  syncbotron  period  to  complete  the 
measurement. 

t  INTRODUCTION 

The  Fennilab  Booster  accelerates  protons  from  200  MeV  to 
8  GeV  in  33.1  milliseconds.  Coupled  bunch  oscillations  occur 
when  the  intensity  of  the  Booster  reaches  IxlO^^  protons. 
While  these  oscillations  are  not  a  problem  under  the  present 
operating  conditions,  the  intensity  in  the  Booster  after  the 
Fermilab  Uinac  upi^de  is  completed  is  expected  to  be  5x10^^ 
protons.  Witli  these  intensities,  the  coherent  motion  of  the 
bunches  within  the  RF  buckets  causes  a  dilution  of  the 
longitudinal  emittance,  The  dilution  occurs  primarily  because 
of  the  unpredictable  position  of  the  bunches  relative  to  the  RF 
voltage  when  the  be^  is  trainsfered  from  the  Booster  to  the 
Main  Ring.  Presently,  there  is  an  effort  to  build  longitudinal 
dampers  that  reduce  Ae  coiqrled  bunch  mode  oscillations[l]. 

The  Booster  RF  frequency  swings  from  30  NOlz  to  S3 
Mhz.  The  RF  frequency  slew  rate  has  a  maximum  of  3 
MHz/mS  at  the  beginning  of  the  acceleration  cycle  and  is 
about  200  kHz/mS  midway  through  the  cycle.  The 
synchrotron  frequency  ranges  from  30  kHz  at  injection  to  2 
kHz  at  extraction.  Bunch  oscillations  can  be  detected  by 
examining  the  phase  modulation  (PM)  sidebands  around 
revolution  lines  of  the  longitudinal  frequency  spectrum  [2]. 
The  spacing  between  the  PM  sidebands  is  equal  to  the 
synchrotron  frequency.  Because  of  the  large  RF  frequency  slew 
rate,  the  2  kHz  resolution  needed  to  resolve  the  PM  sidebands 
is  impossible  to  obtain  with  a  conventional  spectrum  analyzer. 
With  this  lack  of  resolution  in  spectrum  analyzer  data,  it  is  not 
possible  to  distinguish  between  unequal  bunch  ^ropulation 
phenomena  and  coupled  bunch  modes. 

This  dilemma  can  be  resolved  by  mixing  the  longitudinal 
signal  with  a  harmonic  of  the  revolution  frequency  which  is 
derived  from  the  RF.  The  mixed  signal  is  then  fed  into  a 
spectrum  analyzer  were  the  resolution  can  be  increased  so  that 
the  PM  sidebands  can  be  detected.  The  disadvantage  to  this 
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approach  is  that  a  mixing  circuit  h^  to  be  built  for  each 
coupled  bunch  mode  to  detect  all  the  coupled  bunch  modes 
with  a  single  shot  of  beam.  Also,  because  the  signal  is  Fourier 
analyzed,  the  time  at  when  a  coupled  bunch  mode  appeared  in 
the  acceleration  cycle  is  uncertain  to  within  the  inverse  of  the 
reroludon  bandwidth  of  the  spectrum  analyzer. 

n.  THEORY  OF  Measurement 
According  to  the  theory  of  Sacherer  [3],  the  distribution 
function  for  a  single  bunch  in  the  presence  of  collective  forces 
can  be  written  as; 

eb 

g(r.6)  =  gpW  +  S  g^W  cosC"*®)  (^) 

m=l 

where  g  is  the  distribution  including  the  instability  and  go  is 
the  unperturbed  distribution.  The  variables  r  and  6  are  the 
radius  and  angle  in  the  longitudinal  phase  space  that  have  been 
normalized  to  make  the  unperturbed  trajectories  circular.  The 
sum  is  taken  over  the  unstable  modes:  m=l  for  dipole,  m=2 
for  quadrapole,  etc.  the  distribution  functions  of  the  other 
bunches  are  identical  to  Eqn.  1  except  mat  unstable  modes  a 
multiplied  by  a  phase  that  advances  by  2nn/K  per  bunch 
where  K  is  the  number  of  bunches.  The  complete  distribution 
for  the  K  bunches  contains  a  double  sum  over  m  (mode  type) 
and  n  (azimuthal  mode  number)  with  independent  coefficients 
for  each  (m,n)  pain 

K-l  »o 

g(r,e4c)  =  g  (r)  +  X  Zb  g  (r)e’  "^cos(me) 


where  k  is  the  bunch  index.  If  the  left  hand  side  of  Eqn.  2  is 
measured,  the  dipole  instability  term  can  be  isolated  by 
multiplying  both  sides  of  the  equation  by  (jt  =  r  cos(6)  and 
integrating  over  rand  6.  The  resulting  equation: 

«l>k>  =  Jtj  gj(r)  dr  X  B  (3) 

tells  us  that  the  average  phase  enor  is  proportional  to  the 
strength  of  the  dipole  perturbation.  While  the  isolation  of  the 
dipole  term  is  exact  within  Sacher's  formulation,  the 
experimental  technique  is  not  sufficiently  precise  to  guarantee 
that  there  is  no  admixture  of  higher  modes.  We  have  neglected 
changes  the  bucket  area  that  occur  during  acceleration;  these 
changes  are  relatively  small  during  the  portion  of  the  cycle 
when  the  instability  is  observed. 
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GWeri  the  average  values  <<t)ic>  for  the  K  bunches  in  die  Step  5  Foiuier  analysis  according  to  Eqn.  4  is  performed  to 
machine,  one  cw  u%  discrete  Power  anaiy^  to  d^rmine  the  provide  the  coupled  bunch  mode  coefficients  Bn.  From  Eqn.  3 
relive  sbehgths  Bn  of  the  vwpus  azimu^  modes:  it  can  be  shown  that  the  number  of  phase  oscillations  for  mode 

,  j  h  is  the  same  as  the  number  of  oscillations  for  mode  K-n.  The 

V  -j27nik/K  coupled  bunch  mode  content  of  the  wavefiom  shown  in  Fig.  1 

e.  jg  di^layed  in  Fig.,  2. 

V  ,2--  -  'T 

KJtJrgj(r)dr 


ni.  Measurement  Algorithm 

Step  1  the  instantaneous  beam  current  as  a  function  of  time 
is  obtained  for  a  single  turn  in  the  acceleration  cycle.  This  is 
done  by  placing  a  detector  (a  resistive  wall  monitor)  at  a  fixed 
locaUon  in  the  ring  and  digitizing  the  wall  cunent  as  a 
function  of  time  for  one  turn  with  an  high  speed  oscilloscope. 
The  oscilloscope  used  in  this  paper  was  the  Tektronix  DSA 
602  which  has  a  single  shot  digitizing  rate  of  2 
gigasamples/secondi  Since  the  average  length  of  a  single  turn 
in  the  Fermilab  Booster  is  about  2  nS,  a  record  length  of  4096 
points  is  needed  (the  DSA  602  has  a  maximum  record  length 
of  32,768.). 

Step  2  The  approximate  location  of  the  bunch  centers  is 
determined.  This  can  be  done  by  searching  for  the  first  bunch 
and  then  finding  the  rest  of  the  centers  aided  with  the 
knowledge  of  the  RF  frequency  for  the  turn  when  the  data  was 
taken. 

Step  3  For  each  bunch,  the  centroid  is  computed  according  to 
Eqn.  3.  This  is  done  by  multiplying  the  bunch  profile  by  time 
and  integrating.  The  centroid  is  normalized  by  dividing  by  the 
total  charge  in  the  bunch,  In  this  way  variations  due  to  unequal 
bunch  pqiulations  are  eliminated. 

Step  4  The  phase  advance  of  the  bunches  due  to  the  RF 
frequency  and  slew  rate  is  found  and  removed  from  the  data. 
The  centroid  spacing  between  adjacent  bunches  will  be  a 
combination  of  the  coupled  bunch  mode  oscilladoiis  and  the 
phase  due  to  the  RF  frequency.  The  phase  differences  due  to  the 
RF  can  be  found  by  making  a  least  squares  fit  to  the  the  phase 
centroids  according  to  the  following  form: 

The  coefficient  (|>q  is  due  to  when  the  measurement  was  taken 
with  respect  to  the  RF.  The  coefficient  (|>i  is  due  to  the  linear 
increase  of  phase  due  to  a  Hxed  RF  frequency.  The  coefficient 
<|)2  is  due  to  the  slewing  of  the  RF  frequency  with  respect  to 
time.  Higher  order  corrections  ai\i  small  enough  to  be 
neglected.  Once  the  coefHcients  (])q,  i{>2  are  obtained,  they 

are  subtracted  from  the  actual  phase  centroid  data  to  obtain  the 
phase  error  due  to  the  coupled  bunch  motion.  The  coupled 
bunch  phase  error  for  a  typi^  turn  in  the  Booster  is  shown  in 
Fig.  1. 


•1 
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Fig.  1  Phase  error  of  each  bunch  for  32  mS  into  the  acceleration 
cycle.  Intensity  »  1x10^^  protons. 


Coupled  Bunch  Mode  Number 
Fig.  2  The  coupled  bunch  mode  content  of  Fig.  1. 


Step  6  The  coupled  bunch  mode  spectrum  is  obtained  as  a 
function  of  time  in  the  cycle.  This  is  done  by  repeating  Steps 
1-S  for  different  turns  throughout  the  acceleration  cycle. 
However,  to  record  the  entire  acceleration  cycle  with  a  digital 
oscilloscope  would  require  a  record  length  of  66  million 
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points.  Sinre  such  a  record  length  is  hot  possible,  a  new  batch 
of  beam  can  be  injected  for  each  measurement.  This  will  yield 
satisfacbry  results  if  the  operating  conditions  of  the  booster 
remains  stable  during  the  measurements.  Experimentally  this 
has  been  found  to  be  the  case.  Figures  3  and  4  show  the 
coupled  bunch  mode  spectrum  as  a  function  of  time  for  two 
^fercnt  beam  intensities. 


•  • 


Fig.  3  Coupled  biihch  mode  spectrum  as  a  funciion  of  iime  for  a 
beam  intensity  of  protons.  The  mode  intensity  is  units 

of  nSx84 


4a 


IV.  SUMMARY 

Using  a  fast  single  shot  digitizing  oscilio^ope,  one.  can 
determine  the  coupled  bunch  mode  profile  in  a  single  turn. 
This  has  an  advantage  over  frequency  ^main  techniques  which 
require  at  least  a  synchrotron  period  to  determine  the  profile. 
However,  one  disadvantage  to  the  time  domain  method  is  the 
higher  order  multipole  contributions  (quadrupole,  sextapole,...) 
can  not  be  completely  resolved  because  of  the  limited 
digitizing  rate  of  the  oscilloscope. 


Fig.  S  Intensity  of  mode  17  versus  time  in  the  acceleration  cycle 
for  1.2x1012  protons. 
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Once  the  mountain  range  display  shown  in  Figs.  3  and  4  is 
obtained,  the  evolution  of  a  particular  mode  as  a  function  of 
time  may  be  analyzed.  Figure  5  shows  the  evolution  of  mode 
17  for  a  beam  intensity  of  1.2x10^2  protons.  The  data  can  be 
fitted  to  an  e-folding  rate  of  5.5  mS.  However,  this  number 
may  not  reflect  the  maximum  growth  rate  due  to  nonlinearities 
during  the  growth  process. 
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BEAM  TOANSFER  I^CnON  MEASU^  ACCELERATING  BEAM  IN 

THE  FERMILAB  BOOSTER 

D.  McGinnis,  J.  Mairiner,  V.  Bharadwaj 
Fermi  National  Accelerator  Laboratory* 


.ittif/rocr-Beam  transfer  function  measurements  were  performed 
oh  wcelerating  beam  in  the  Feiniilab  Booster  with  a  network 
anUyzer  and  a  custom  »gnal  processing  system.  Since  the 
Booster.  RF  frequency  slews  from  30  to  S3  MHz  in  33  mS,  an 
intennt^iate  frequency  processing  circuit  wais  built  ext<mial  to  the 
reference  and  receive  ports  of  the  network  analyzer.  This  circuit 
permitted  rMolution  of  2.S  kHz  synchrotron  sidebands  while  the 
Booster  RF  frequmcy  changed  from  SOO  kHz  in  IS  mS. 

I.  INTROPUCTON 

Presently,  there  is  an  effort  at  Fermilab  to  build 
longitudinal  coupled  bunch  mode  dampers  for  the  Booster  [1]. 
To  determine  the  gain  needed  ifor  the  damper  systetn,  the 
transfer  impedance  of  the  pickup  and  kicker  must  be  known. 
Aim  the  delay  and  phase  intercept  of  the  damper  systetn  must 
match  the  b^m  response  from  pickup  to  kicker.  These 
parameters  can  be  me^ured  using  a  network  analy^ur  inserted 
in  the  damper  system  to  measure  the  open  loop  gai.n  as  shown 


Fig.  1.  Schematic  of  a  network  analyzer  measurement  for  a  circular 
accelerator. 

The  Booster  accelerates  protons  from  200  MeV  to  8  GeV 
in  33  mS.  Since  the  machine  circumference  is  475  m,  the 
revoluticxi  frequency  must  change  from  360  kHz  to  630  kHz  in 
33  mS.  The  revolution  frequency  for  the  last  half  of  the 
acceleration  cycle  is  shown  in  Fig.  2.  A  sketch  of  the  beam 
transfer  function  at  a  given  instant  in  the  acceleration  cycle  is 
shown  in  Fig.  3.  The  spacing  between  the  multipole  lines  is 
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equal  to  the  synchrotron  frequency.  After  transition,  which 
occurs  about  half  way  through  the  acceleration  cycle,  the 
synchrotron  frequency  is  about ‘2.5  kHz  and  remains  fairly 
constant  until  the  end  of  the  acceleration  cycle. 


Fig.  2.  Revolution  frequency  and  rate  of  change  of  revolution 
frequency  vs.  time  in  the  acceleration  cycle  for  ^e  last  half  of  the 
cycle. 


Fig.  3.  A  schematic  representation  of  the  magnitude  of  the  beam 
transfer  function  for  two  neighboring  revolution  lines.  m=0,  ±1, 
±2, ...  indicate  monopole,  dipole,  quadrupole, ...  modes 


The  frequency  scale  of  the  beam  transfer  function  shown  in 
Fig.  3  will  change  during  the  acceleration  cycle  along  a  curve 
that  is  harmonically  related  to  the  frequency  versus  time  curve 
of  Fig.  2.  The  length  of  time  that  a  network  analyzer  must 
dwell  at  a  single  frequency  is  inversely  proportional  to  the 
resolution  bandwidth  of  the  network  andyzer.  Thus,  if  the 
resolution  bandwidth  is  too  low,  the  network  analyzer  will 
excite  more  than  one  mulUpole  line  for  a  given  frequency. 
Expanding  the  frequency  versus  time  curve  in  a  Taylor  series 
and  keeping  terms  up  to  flrst  order,  it  can  be  shown  that  in 
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ordcnfor  the  hetwoik  analyzer  ,to:  excite  only  one  multipole 
line,  the  following  inequality  must  hold: 


(1) 


where  n  »  the  harmonic  number,  fj-  is  the  revolution 
frequency,  tQ  is  the  time  in  the  acceleration  cycle  when  the 
measurement  is  taken,  ^  is  the  synchrotron  frequency,  and  fjp 
is  . the  resolution  bandwidth  of  the  network  analyzer.  For 
example,  ifm=84  (this  is  the  harmonic  number  pf  the  RF), 
f5=2.5  Khz,  fip=3  kHz,  then  the  rate  of  change  of  the 

revolution  frequency  must  be  less  than  44  Hz/mS.  According 
to  the  second  graph  of  Fig.  2,  this  condition  does  not  occur 
until  the  last  moment  of  the  acceleration  cycle. 


n.  MEASUREMENT  THEORY 
To  remedy  the  situation  described  by  Eqn.  1,  the  frequency 
of  the  network  analyzer  reference  should  track  a  harmonic  of 
the  revolution  frequency.  A  circuit  that  provides  such  a 
reference  is  shown  in  Fig.  4,  In  this  circuit,  a  portion  of  the 
low  level  RF  of  the  accelerator  is  fed  into  the  clock  of  a  direct 
digital  synthesizer.  The  direct  digital  synthesizer  (for  more 
information  on  the  DDS  circuit,  see  Ref.  [2])  is  programmed 
by  the  computer  to  provide  a  frequency  ouq}ut  that  is  a  fraction 
of  the  clock  signal,  (for  example  if  the  RF  harmonic  number 
is  84  and  the  DDS  fraction  is  16/84,  the  ouq)ut  frequency  of 
the  DDS  is  equal  to  the  sixteenth  harmonic  of  the  revolution 


Fig.  4.  Intermediate  frequency  processing  circuit 


Because  of  the  limited  frequency  range  of  the  DDS  circuit 
(The  one  used  for  this  paper  is  the  QUALCOMM  QOS  10 
Evaluation  Board  which  has  a  maximum  frequency  range  of  25 
MHz.),  the  DDS  output  is  mixed  in  a  single  sideband  mixer 
with  the  RF  VCO  output  to  provide  a  frequency  that  is  (84  - 


DpSfractioh)*frev*  ^  single  sideband  mixer  is  necessary  so 
that  only  one  RF  harmonic  is  excited.  To  keep  the  frequency 
swing  in  the  reference  leg  small  so  that  the  network  analyzer 
will  not  lose  phase  lock,  the  DDS  output  is  also  used  for 
reference  leg  of  the  network  analyzer. 

The  mixed-up  signal  is  then  applied  to  the  beam  via  the 
kicker  and  the  response  is  detected  by  the  pickup.  To  m^e  the 
received  signal  fr^uency  the  same  as  the  reference  frequency, 
the  pickup  signal  is  mixed  down  with  the  low  level  RF  signal 
where  the  high  frequency  component  of  the  mixing  product  is 
eliminated  by  a  low  pass  filter. 

Since  the  reference  frequency  of  the  netwcxrk  analyzer  is  not 
constant  during  the  measurement,  the  network  analyzer  is 
placed  in  the  Continuous  Wave  (CW)  mode  and  the  amplitude 
and  phase  of  the  ratio  of  the  pickup  signal  to  the  reference  is 
displayed  as  a<  metion  of  time  throughout  the  accelerator 
cycle.  To  trigger  die  network  analyzer  at  the  proper  time  in  the 
cycle  and  trigger  only  if  there  is  beam  in  the  machine,  the 
pickup  signal  is  peak  detected  and  a  coincidence  gate  is  formed 
with  the  accelerator  clock. 

The  measurement  described  above  is  performed  for  only  one 
fractional  revolution  h^onic.  To  obtain  the  response  as  a 
function  of  the  fractional  revolution  harmonic,  the  computer 
must  increment  the  fraction,  a  new  batch  of  beam  must  be 
injected  into  the  accelerator,  and  the  network  analyzer  must  be 
re-triggered.  This  procedure  will  yield  satisfactory  results  if  the 
operating  conditions  of  the  Booster  remains  stable  during  the 
measurements.  Experimentally,  this  has  been  found  to  be  the 
case.  However,  for  extra  conditioning,  the  response  for  a  given 
fractional  revolution  harmonic  can  be  averaged  for  a  number  of 
beam  batches  before  changing  the  fraction.  This  averaging  also 
has  the  added  benefit  of  reducing  signals  caused  by  beam 
instabilities  the  are  not  phase  related  to  the  kicker  sign^. 

Since  the  DDS  frequency  will  not  track  a  multipole  Ijne 
exactly  during  the  acceleration  cycle,  the  width  of  a  given 
multipole  line  must  be  large  enough  so  that  the  crossing  of 
the  DDS  frequency  through  the  multipole  line  will  take  long 
enough  to  fill  the  IF  filter  of  the  network  analyzer.  By 
expanding  the  frequency  versus  time  curve  in  a  Taylor  series 
and  keeping  terms  up  to  fust  order,  the  requirement  on  the 
synchrotron  line  width  can  be  written  as: 


f 

IF  f  4 
s 


(2) 


Near  transition,  which  is  at  18  mS  in  the  Booster,  the  right 
hand  side  of  Eqn.  2  will  approach  100%  because  the 
synchrotton  frequency  goes  to  zero..  However,  after  about  21 
mSec  into  the  cycle,  the  synchrotron  frequency  reaches  2.5 
kHz  and  remains  fairly  constant  for  the  rest  of  the  cycle  so  that 
the  right  hand  side  of  Eqn.  2  is  well  under  5%. 


ni.  RESULTS 
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Figl  S-7  show  the  results  of  a  network  analyzer 
measurement  performed  on  accelerating  be^  in  the  Boosts 
during  the  last  IS  mS  of  the  acceleration  cycle.  The  networic 
analyzer  was  uncalibrated  so  the  magnitude  of  the  results  is  un- 
normalized.  The  beam  intensity  was  1x10^^  protons.  The 
nunibef  of  points  along  the  time  axis  is  26.  The  number  of 
revolution  ^tions  is  220.  For  this  measurement,  the  number 
of  averages  at  each  revolution  fraction  was  10.  With  the 
Booster  operating  at  a  repetition  rate  of  about  4  seconds,  this 
measurement  took  about  2.5  hours  to  complete.  The 
measurements  were  centered  around  the  74th  revolution 
harmonic,  (the  DDS  ^dons  were  centered  around  10/84.) 


Fig.  S.  The  linear  magnitude  of  a  network  analyzer  measurement  as 
a  function  of  the  DDS  RF  fraction  and  time  in  the  acceleration 
cycle.  The  RF  fraction  axis  is  centered  around  the  74  revolution 
harmonic. 


Time  in  Cycle  (mS) 


Fig.  6.  The  90*  phase  contours  of  the  network  analyzer 
measurement  shown  in  Fig.  5. 

Figure  S  is  a  three  dimensional  contour  plot  of  the  beam 
transfer  function  versus  time  in  the  cycle  and  fractional 
revolution  frequency.  As  seen  in  Fig.  5,  the  only  part  of  the 
response  that  is  greater  than  the  noise  floor  is  a  set  of  dipole 
lines  located  near  the  revolution  fraction  =  ±0.(K)4.  This 
revolution  fraction  coincides  with  a  synchrotron  frequency  of 
2.5  kHz.  Figure  6  shows  a  phase  contour  of  the  response  for 
90*.  Because  the  phase  contour  correlates  well  with  the 
magnitude  contours  shown  in  Fig.  5,  it  is  very  likely  the  the 


signal  received  by  the  network  analyzer  is  indeed  due  to  the 
signal  sent  out  by  the  network  analyzer.  Figures  7a-c  are  the 
respond  versus  revolution  fraction  at  a  single  instant  in  the 
acceleration  cycle.  These  figures  clearly  show  the  dipole 
response  of  the  beam.  Also  Figs.  6  and  7a  show  a  slight  hint 
of  the  quadrupole  lines. 


0.06t 


Fig.  7a-c.  The  magnitude,  real,  and  imaginary  response  of  the 
network  analyzer  measurement  at  a  single  instant  in  time  centered 
around  31.S  mS  into  the  acceleration  cycle. 
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Abstract 

The  MLI  Model  1.2400  Synchrotron  Light  Source  is  de¬ 
signed  for  operation  at  1 .2  GeV  at  a  batm  current  of 400  m  A.  An 
integral^  set  of  diagnostics  that  meets  the  needs  of  all  stages  of 
commi^tohing  is  required  for  this  commercially  produced  stor¬ 
age  ring.  The  design  of  each  component  will  be  discussed  in  light 
of  its  use  during  commissioning,  . with  emphasis  oh  the  essential 
beam  position  monitoring  electronic  system. 

I.  Introduction 

The  ring  consists  of  a  Chasman-Greeit  latUce  with  four-fold 
symmetry,  The  injector  is  a 200 MeV  linac  The  storage  ring  and 
linac  are  connected  via  a  transport  line  useful  for  analyzing  the 
linac  beam.  For  a  successful  and  rapid  commissioning,  it  is 
necessary  to  have  an  integrated  set  of  diagnostics  which  monitors 
relevant  system  performance  parameters. 

Section  Il  contains  a  diagnosBcs  plan  relating  key  system 
performance  parameters  to  specific  team  measurements,  and 
thente  to  the  particular  diagnostic  element  for  performing  this 
measurement.  Sections  III  and  IV  describe  the  design  specifica¬ 
tions  of  individual  diagnostics  in  the  transport  line  and  storage 
ring  respectively  and  show  how  these  designs  are  governed  by 
the  requirements  established  in  section  !I.  Proceeding  from  the 
diagnostic  plan,  these  diagnostics  are  sufficient  for  commission¬ 
ing  with  miiUmal  (nils.  Section  V  is  a  detailed  description  of  the 
beani  button  position  monitor  electronics  system  in  the  ring. 

II.  Diagnostics  Plan 

The  system  performance  parameters  of  interest  during  com¬ 
missioning,  thecorresponding  beam  property  tote  measuredand 
the  diagnostic  to  be  used  for  this  beam  measurement  arc  sum- 
marized'in  Table  1. 


Table  1.  Summary  of  Diagnostics 


SYSTCM  PERFOitMA.VCE 
FAXA.MErcX 

BEAM  PROPERTY/ 
MEASUREMENT 

DiAaNosne 

DEVICE 

injection  efficiency 

linac  beam  intensity 

energy  selective 

within  specified 

slit  with  cunent 

energy  spread 

monitor,  Faraday  cup 

transport  line 

linac  beam 

fluorescent  screen 

transmission 

emitlance 

assembly 

efficiency 

beam  positions 

fluorescent  screen 

along  transport  line 

assemblies  (8  total) 

Table  1.  Summary  of  Diagnostics,  continued 


SYSTEM  PERPORMANCE 
PARAMETER 

BEAM  PROPERTY/ 
MEASUREMENT 

DIAONOSTTC 

DEVICE 

ease  of  finding 
closed  beam  orbit 

first  turn  beam 
position  in  ring 

ring  fluorescent 
screen  assemblies 
(4  total);  Sabersky 
finger 

multiple  turn  beam 
survival  in  ring 

single  buttons 
distributed  in  ring 

ease  of  optimizing 
closed  orbit 

beam  positions 
around  ring 

13  BPM  stations 
distributed  in  ring 

conformity  of  lattice  with 
theoretical  model; 

bc'timon  Umes  beam  oscillation 
frequencies 

traveling  wave 
electrode.*;  (coupled 
to  spectrum  andyzer) 
(2  sets) 

dispersion 

function 

beam  orbit  at 
different  rf 
frequencies 

13  BPM  stations 

lattice  Twiss 
hmetions 

tunc  change 
with  quadrcpole 
perturbations 

traveling  wave 
electrodes 

beam  lifetime 

beam  current 

dc  cunent 

transformer  (DCCT) 

beam  emiuance 

beam  size  within 
dipoles 

optical  monitoring 
station 

III.  Transport  Line  Diagnostics 

The  transport  line  diagnostics  consist  of  two  slit  assemblies 
(with  attached  screens),  three  current  monitors,  a  Faraday  cup, 
and  six  fluorescent  screen  assemblies. 

$iil  assembly 

slit  jaw  thickness:  1  cm 
jaw  material:  heavy  metal  (tungsten-copper) 
slit  opening  range:  0-50  mm 
resolution:  <0.01  mm 

alignment  of  beam:  fluorescent  screen  attached  to  front 
of  jaws 

Toroid  current  monitor 
sensitivity:  lOV/A 
risetime:  <2  ns 
Faraday  cup 

range:  0.2  nC  to  20  nC  (10  Hz  rate)  (with  picoammeter) 
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The  linac  beam  has  a  nominal  intensity  of  25  m  A  (100  ns  pulse 
average,  10  Hz  cycle)  within  an  energy  spread  of  ±  0.25%.  The 
slit  a^mbly  is  placed  after  a  90  degree  bend  magnet,  where  the 
dispersion  is  0.71  m  and  the  intrinsic  beam  width  is  0.22  mm 
(3a).  Thus  by  opening  the  slit  width  to  3.55  mm,  the  energy 
spread  of  the  unscattered  beam  passing  through  will  be  ±0.25% 
with  an  uiicertainty  of  ±0.03%.  Its  intensity  is  measured  by  the 
toroid  monitor  which  is  interfaced  with  an  oscilloscope  and 
calibrated  against  the  Faraday  cup. 

fluorescent  screen  assembly 

resolution:  0.25  -  0.4  mm  (at  12.5  thA,  100  nsec  pulse) 
fluorescent  screen  material:  chromox 
camera:  vidicon/ultricon 

With  a  vacuum  chamber  aperture  of  25-50  mm  and  beam  sizes 
of  a  few  millimeters,  a  resolution  of  0.4  mm  is  more  than  adequate 
for  measuring  beam  size  and  position  along  the  transport  line  in 
general.  However,  a  better  resolution  of  0.25  mm  is  needed  for 
measuring  the  beam  emittance  of  0.31  Jt*mm*mrad. 

IV.  Ring  Diagnostics 

The  ring  diagnostics  consist  of  a  Sabersky  finger,  four  fluo¬ 
rescent  screens,  13  four-button  beam  position  monitors,  two 
traveling  wave  electrode  stations,  a  dc  current  transformer 
(DCCT),  and  an  optical  monitoring  station. 

Sabersky  finger  (see  figure  1) 
vfidth:  1.6  mm 

material:  heavy  metal  (tungsten-copper) 
location:  at  injection  point,  placed  to  intercept  part  of 
injected  beam  from  transport  line 
mn.  current  sensitivity:  1.5  pA  average  (with 
picoammeter) 

The  stated  minimum  current  sensitivity  enables  measuring  the 
beam  even  if  the  transport  line  efficiency  is  only  25%. 


ring  fluorescent  screens 

resolution:  0.7  mm  (at  2.5  mA,  100  nsec  pulse) 
camera:  ultricon 

Tlie  resolution  is  adequate  for  viewing  the  beam  on  the  first  turn 
while  it  is  performing  betatron  oscillations  with  a  20  mm  am¬ 
plitude.  Use  of  an  ultricon  enables  viewing  a  beam  which  is  only 
10%  of  the  linac  output. 
button  position  monitors 
button  diameter:  1  cm 
capacitance:  1 1  pF 
mount:  4  to  a  flange  assembly 

The  design  specifications  arc  more  fully  discussed  in  section  IV, 
which  also  includes  a  figure  showing  the  button  assembly  to¬ 
gether  with  the  electronics  block  diagram. 
traveling  wave  electrodes 
length  of  electrode:  15  cm 
angular  width  of  electrode  (wide  end):  32  deg 
frequency  response:  >1.5  ohms  from  0.2  to  1  GHz 
The  traveling  wave  electrode  station  is  shown  in  figure  2.  There 
arc  4  electrodes  per  station.  The  length  of  1 5  cm  is  chosen  so  that 
peaks  in  frequency  response  occur  at  odd  multiples  of 500  MHz, 
which  is  the  ring  rf  frequency.  By  using  a  linear  taper,  the 
modulation  in  frequency  response  is  reduced  to  less  than  about  6 
db  over  the  bandwidth  of  more  than  1  GHz.  These  electrodes  are 
coupled  to  a  spectrum  analyzer  having  a  noise  level  of  about  - 100 
dbm  for  monitoring  the  betatron  tunes  even  when  the  stored  beam 
is  1  mA. 


dc  current  transformer  (E)CCT1 
current  range:  0  -  600  mA 

resolution:  <  ±0.016  mA  (0.1  sec  integration  window) 
<  ±0.005  mA  (1  sec  integration  window) 
The  DCCT  assembly  is  shown  in  figure  3.  The  DCCT  core  and 
associated  electronics  were  purchased  from  Bergoz.  The  device 
has  an  intrinsic  di/dt  output  which  can  determine  beam  lifetimes 
as  short  as  a  minute,  which  is  short  compared  to  the  expected 
lifetime  of  more  than  eight  hours. 
optical  monitoring  station 

mirror  material:  copper  with  protective  coating 
system  magnification:  1/3.8 
resolution  at  source  plane:  0.25  mm 
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Figure  3.  DC  current  transformer  (DCCT)  assembly. 


camera:  vidicon 

optics:  achromatic  lens  with  a  bandpass  filter  at  5500 
angstroms 

The  optical  monitor  assembly  is  shown  in  figure  4.  At  1 2  GeV, 
the  storage  ring  beam  emittance  is  2  x  lO'”^  n*m*mrad,  and  the 
energy  sptead  is  6  x  1 0*^,  For  the  position  imaged,  the  rms  beam 
sizes  assuming  10%  coupling  are  a^=0.64  mm  and  Oy=0.39  mm. 
The  resolution  of  0.25  mm  enables  an  accurate  determination  of 
the  beam  size  for  measuring  the  ring  emittance. 


V.  BPM  Electronics  System 


The  beam  position  monitoring  (BPM)  electronics  system 
monitors  all  52  buttons  of  the  13  BPM  stations,  as  shown  in  the 
block  diagram  (figure  5).  The  system  consists  of  a  multiplexer 
controlled  by  a  line  sequencer,  followed  by  a  signal  processing 
stage  that  employs  a  bandpass  filter,  a  gain  stage  controlled  by  the 
line  sequencer,  and  then  a  diode  detector  and  low-pass  filter  for 
signal  averaging.  The  system  uses  a  multiplexed  analog  switch 
system  like  NSLS  and  a  diode  detector  like  CEBAF.  The  mul¬ 
tiplexed  system  is  attractive  because  it  minimizes  the  number  of 


rf  filter/amplifier/detector  modules  which  are  needed  and  thus 
obviates  the  heed  for  cross  calibration.  The  diode  detector  is 
attractive  because  its  output  conforms  to  a  square  law  device  over 
a  30  dB  dynamic  range.  This  reduces  the  number  of  steps  needed 
in  the  gain  stage.  It  also  reduces  the  frequency  with  which  the 
computer  must  look  at  the  peak  detector  output  to  reset  the  gain 
setting.  The  diode  detector  is  also  very  accurate.  CEBAF  is 
presently  using  a  diode  to  make  100  ppm  measurements  with  a 
35  MHz  bandwidth.  This  makes  it  possible  to  do  direct  measure¬ 
ments  with  the  diode  and  a  filtering  system,  eliminating  the  need 
for  more  complex  signal  averaging  techniques. 


When  the  sequencer  is  off,  the  raw  signals  from  four  specified 
buttons  are  continuously  sent  to  the  con  trol  room  for  observation 
on  a  fast  oscilloscope.  This  enables  monitoring  of  beam  survival 
on  a  tum-by-tum  basis. 

For  measuring  the  beam  orbit,  the  CAM  AC  line  sequencer  is 
turned  on  so  that  52  buttons  are  scanned.  Four  signal  lines  are 
further  multiplexed  down  to  one  signal  to  be  fed  into  the  signal 
processing  stage. 

An  analysis  of  the  gain  stage  noise  floor  has  been  made  since 
this  is  what  ulUn  ately  determines  the  position  resolution  of  the 
system.  The  most  stringent  requirement  is  to  able  to  measure  the 
beam  position  to  within  ±2  mm  at  a  low  current  of  0.34  m  A  which 
corresponds  to  storing  about  5%  from  one  pulse  of  the  linac.  It  is 
estimated  that  the  input  signal  level  for  this  condition  is  -8 1  dbm 
while  the  noise  floor  is  - 107  dbm,  which  is  adequate.  At  a  current 
of 400  m A,  the  system  should  be  able  to  resolve  beam  positions 
down  to  ±0.1  mm. 

VI.  Conclusion 

Testing  of  the  diagnostics  is  now  in  progress.  Tests  on  the 
button  assembly  are  complete.  Using  a  simulated  current  source, 
responses  from  individud  buttons  were  measured  w  ith  a  network 
analyzer  and  found  to  be  in  good  agreement  with  theory.  The 
frequency  response  of  the  traveling  wave  electrodes  has  also 
been  found  to  agree  with  calculations  over  1  GHz.  These  results 
indicate  that  design  specifications  will  be  met. 
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Abstract; 

Instrumenting  the  new  AGS  Booster  required  the 
construction  of  a^great  deal  of  support  electronics  for 
many  beam  monitoring  devices.  Early  in  the  project  it  was 
tcam&d  that  it  would  be  necesst^  to  use  a  building  block 
approach  to  the  problem  of  pro\naing  the  nectary  equip* 
ment.  Modules  providing  generic  functions  such  as  amplifi¬ 
cation,  integration,  sample  and  hold,  etc.,  were  desired 
and  packaged  so  as  to  provide  maximum  flexibility  in  the 
implementation  of  typical  instrumentation  tasks.  This 
paper  describes  these  modules  and  includes  some  specific 
examples  of  how  they  have  been  combined  to  perform 
certam  functions.  Several  unique  features  of  the  pack- 
a^ng  vill  be  described. 

I.  INTRODUCTION 

The  AGS  Booster  and  its  associated  injection  and 
extraction  lines  required,  for  the  proper  monitoring  and 
control  of  the  beam,  a  sizable  collection  of  beam  detec¬ 
tors  to  give  accurate  measurements  of  beam  position,  beam 
profile,  beam  intensity  and  beam  loss  during  every  phase 
of  the  acceleration  q'cle  and  for  every  species  o:  par¬ 
ticle  (i.&.protons,  polarized  protons  and  heavy  ions  up 

toAu^33y 

Beam  Instrumentation  electronics  is  frequently 
designed  to  be  detector  specific.  This  is  very  often 
unavoidable  mven  the  requirements  of  sensitmt;^,  timing 
and  bandwidth  imposed  by  special  detection  requirements 
and  techniques.(l]  However,  while  it  is  often  the  case  that 
instrumentation  must  be  tailored  specifically  to  the  special 
requirements  found  in  accelerator  environments,  it  is  as 
well  advantageous  if  it  can  be  designed  from  a  functionally 
modular  point  of  view.  The  clear  advantage  of  this  is  that 
a  small  ^oup  of  identical  building  blocks  can  provide  a 
wide  variety  of  analog  si^al  processing  functions. 

In  order  to  provide  the  necessary  support  elec¬ 
tronics  for  the  Booster  wthin  rather  severe  constraints  of 
time,  money  and  manpower,  several  things  were  done. 
First  as  many  common  functions  as  possible  were  iden¬ 
tified.  Next,  an  appropriate  packaging  scheme  was  sought. 
Third,  every  attempt  was  made  to  exploit  what  was  already 
part  of  our  beam  instrumentation  design  repertoire  to 
reduce  development  time.  Fourth,  commeraal  vendors 
were  sought  at  every  stage,  from  the  manufacture  of  small 
pieces  to  the  construction  of  whole  units. 

II.  PACKAGING 

Except  for  one  smaller  project,  almost  all  modular 
instrumentation  electronics  that  was  built  by  the  acceler¬ 
ator  instrumentation  groups  at  BNL  had  been  packaged  in 
NIM[2J  modules.  NIM  is  an  old  established  standard,  the 
most  vexing  problem  with  the  NIM  packaging  is  the  low 

♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 


density  of  pins  in  the  standard  rear  connector  and  the 
necessity  of  coping  with  this  bv  going  to  front  panel 
connectors.  Even  with  moderately  dense  input  or  output 
signal  requirements  front  panel  connections  can  cause  an 
unweldy  mess.  An  alternative  was  needed. 

It  was  decided  to  change  to  Eurocard  packa9ng.[3] 
Since  Eurocard  is  a  mechanical  standard  for  which  hard¬ 
ware  is  becoming  readily  available,  and  since  this  standard 
has  high  density,  mass  terminated  rear  connector  options, 
it  seemed  to  offer  many  advantages  that  were  needed.[4] 
Two  standard  modules,  both  611  high  by  220  nun  deep, 
7HP  and  14HP  wide  have  been  adopted.  This  provides 
nearly  the  same  physical  board  real  estate  and  internal 
volume  as  the  single  and  double  width  NIM  modules. 

One  problem  was  finding  a  shielded  enclosure  for 
the  modules  similar  to  what  NIM  provides.  In  accelerator 
environments  some  electrical  shielding  is  considered  es¬ 
sential.  No  available  options  for  enclosed  Eurocard  mod¬ 
ules  were,  completely  suitable.  A  compromise  was  to  use 
rails,  side  covers  ana  front  panel  hardware  from  one  man¬ 
ufacturer  and  to  design  our  own  back  panels  to  fit  these. 

One  important  packagmg  issue  is  the  crate  design 
in  this  modular  environment.  For  the  particular  modiue 
chosen  many  commercial  choices  for  crates,  or  subracks  as 
they  are  called,  e»st.  These  subracks  usually  include  a 
selection  of  backplane  construction  techniques  from  simply 
mounting  connectors  on  a  rear  frame  to  the  use  of  a 
printed  circuit  backplane.  To  handle  the  interconnec¬ 
tions,  an  aluminum  enclosure  (called  a  doghouse)  was 
designed  to  fit  over  the  rear  of  the  crates.  This  metal 
enclosure  provides  additional  shielding  and  a  mounting 
point  for  connectors  from  external  devices.  It  also 
serves  as  a  protective  enclosure  for  wires  from  these  con¬ 
nectors  to  the  module  connectors. 

III.  THE  MODULES 

The  modules  developed  for  use  in  the  Booster  com¬ 
plex  are  described  below  in  summ^  form.  The  descrip¬ 
tions  are  intended  to  point  to  their  generic  uses.  All  of 
the  modules  described  here  are  packaged  in  7HP  by  6U  by 
220mm  deep  shielded  Eurocard  cassettes  unless  otherwise 
noted  in  the  text. 

Baseline  Restorer 

This  module  contains  three  channels,  each  is  used 
to  restore  the  proper  baseline  level  to  pulses  that  origi¬ 
nate  from  capacitively  or  inductively  coupled  pickups  or 
are  AC  coupled  at  some  point  m  the  front  end  of  the  sys¬ 
tem.  It  can  also  eliminate  the  effect  of  low  frequency 
pickup  on  high  speed  pulses.  A  TTL  input,  at  least  25 
usee  wide  and  at  a  rate  conunensurate  with  the  expected 
baseline  variations  must  be  provided  to  sample  the  base¬ 
line  at  the  appropriate  time.  The  output  then  is  the  base¬ 
line  at  the  sample  time  subtracted  from  the  input.  Band¬ 
width  of  each  channel  for  inputs  of  a  few  volts  is  1.5  MHz. 

Beam  Transformer  Amplifier 
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This  module  provides  one  channel  with  three  cur¬ 
rent  to  voltage  transfer  ratios,  lOiiuVV  with  a  70  nsec  rise 
time  and  lOpuAA^  or  lOuAA^  with  a  1  usee  rise  time.  It 
has  a  differential  front  end  that  is  tuned  to  cancel  common 
mode  noise.  A  current  boosted  output  stage  provides 
cable  drive  capability.  Selection  of  the  gain  can  be  done 
locally  on  the  front  panel  and  remotely  on  two  rear 
connector  pini 

Beam  Current  Integrator 

This  is  a  fast  integrator  that  provides  an  output 
yoltage  proportional  to  the  input  cnarge  of  signals  as 
narrow  as  50  nsec  occurring  in  a  lime  window  .5  to  1  ^sec. 
Charw  iniection  and  offset  voltage  adjustments  are  pro¬ 
vided  ahdf  a  .  peak  hold  circuit  following  the  integrator 
stage  allows  the  resultant  integral  to  be  retained  for  10 
msec  with  an  accuracy  of  withm  0.1%.  The  circuit  pro¬ 
vides  a  range  of  10^  in  four  gain  ranges  selected  under 
external  control. 

Device  Actuator 

This  module  is  a  14HP  wide,  two  channel  unit  that 
is  intended  to  provide  drive  to  a  detector  positioner.  Each 
channel  accepts  TTL  commands  and  provides  for  2  TTL 
status  bits  derived  from  limit  switches.  Thus  the  unit  can 
be  used  to  command  the  device  to  insert  or  retract  and  can 

[irovide  bits  to  tell  if  the  command  suc-ceeded.  All  of  the 
ines  into  or  out  to  the  device  are  optically  isolated.  Each 
channel  can  drive  up  to  24  VDC  at  0.5  A.  The  unit  may,  in 
local  mode,  be  used  to  drive  the  device  from  front  panel 
smtehes.  LED  status  indicators  on  the  front  panel  show 
the  status  of  the  device  and  can  indicate  an  "in  process"  or 
"hung*  device.  A  bit  is  also  provided  to  indicate  to  a 
remote  computer  if  the  module  is  in  the  local  mode. 

Digital  Input/Output 

The  digital  I/O  module  contams  eight  optically 
isolated,  differential  input  and  eight  optically  isolated 
output  channels.  Each  input  channel  contains  a  TTL  line 
receiver  and  each  output  a  TTL  line  driver.  High  speed 
optical  isolators  separate  the  cable  from  the  TTL  receive 
and  drive  sections.  In  its  standard  application  the 
module  is  used  to  transmit  digital  signals  at  one  MHz  over 
distances  of  250  meters,  and  receive  a  corresponding 
"loopback"  signal  with  high  fidelity.  However,  the  unit 
has  also  seen  use  as  a  sbeteen  channel,  general  purpose 
isolator. 

Faraday  Cup  Amplifier 

This  module  contains  a  single  current  to  voltage 
amplifier  channel  which  has  four  ranges  selected  from 
either  the  front  panel  (local  mode)  or  by  TTL  inputs  at  the 
rear  connector.  Transfer  ratios  can  be  1  or  10  nA/V 
(mtemal  jumper  selected)  and  100  nA/volt  with  a  350  Hz 
bandwidtn  and  1  or  10  uA/V  (again  jumper  selected)  and 
100  uA/volt  vmlh  a  300  kHz  bandwidth. 

Faraday  Cup  Bias  Supply 

This  high  voltage  bias  supply  generates  -600  VDC 
using  a  DC  to  DC  converter  with  a  maximum  output  cur¬ 
rent  of  3  mA.  A  comjiarator  circuit  monitors  the  output 
voltage  and  sets  a  bit  (TTL  level)  at  one  of  the  rear 
connector  pins  if  the  output  voltage  varies  from  a  window 
of -570V  to -630V. 

8-Channel  Analog  Receiver 

This  module  has  8  individual,  differential  input 
receivers  for  signals  transmitted  from  remote  sources.  The 
front  end  provides  a  resistor  for  cable  termination  and  is 
tuned  to  cancel  broadband  common  mode  noise.  A  gain 


of  two  is  provided  to  compensate  for  the  attenuation  due 
to  the  cable  termination.  The  gain  is  variable  by  ±  10%  to 
make  up  for  cable  losses.  A  final,  back  terminated,  driving 
stage  provides  output  cable  drive  capability. 

8-Channel  Individual  Sample/Hold 

The  fast  Sample  and  Hold  module  is  an  eight  chan¬ 
nel  unit  with  a  1  /i  sec  acquisition  time  to  .1%  and  hold 
times  of  greater  than  500  jusec.  The  circuit  captures  a 
sample  of  the  input  with  a  fast  acquisition  sample/hold, 
and  transfers  it  to  a  second  sample/hold  which  has  ve^ 
low  droop.  A  TTL  input  pulse  of  at  least  1  usee  is 
required  for  sampling.  Optional  fast  outputs  from  the  first 
sample/hold  appear  on  the  upper  (PI)  Eurocard 
connector. 

8-Channel  Integrator 

This  module  contains  8  independent  charge  inte¬ 
grators  gated  and  reset  by  common  TTL  inputs.  Any 
channel  will  provide  a  voltage  proportional  to  tne  integral 
of  the  input  current  present  during  the  gate  interval. 
Outside  the  gate  interval  the  resulting  level  is  held  to 
within  a  few  percent  for  up  to  one  second.  Sensitivity  is 
selected  in  two  ranges  and  may  be  set  from  a  maximum  of 
10^”  Volts/Coulomb  to  10'  Volts/Coulomb.  Input  cur¬ 
rents  may  go  as  high  as  3  uA.  Output  dynamic  range  is 
±  10  volts.  Drift  is  less  than  lOpA  eauivalent  input 
current.  Output  offset  is  less  than  1  mvolt.  Gating  time 
must  be  greater  than  10  jusec.  Response  time  to  input  sig¬ 
nals  is  1  (i&oc.  This  module  is  now  available  commercially. 

Low  Level  Multiplexer 

This  module  contains  one  32  pole  double  pole  elec¬ 
tronic  switch  that  can  be  used  to  select  cither  of  two 
groups  of  32  inputs.  It  is  intended  to  be  used  to  route 
signal  arrays  from  multiple  wire,  low  level  analog  devices 
to  preamplifiers  or  other  signal  processing  electronics. 
Group  selection  is  accomplished  either  by  front  panel  con¬ 
trol  or  TTL  level  at  the  rear  connector. 

This  unit  features  less  than  lOOpa  of  leakage  at 
any  input,  an  input  signal  range  of  ±  10  volts,  ±  2  mA,  and 
50  db  of  crosstmk  and  channel  off  isolation  over  a  1  Mhz 
bandwidth.  The  series  resistance  of  any  pole  m  the  on 
state  is  less  than  100  ohms. 

Personally  Module 

This  module  can  provide  timing  to  the  8-Channel 
Integrator  and  the  W-Channel  Analog  Multiplexer.  When 
operated  remotely,  it  converts  the  computer  timing  signals 
to  a  form  compatible  with  the  Integrator  and  Multiplexer. 
In  local  mode,  it  provides  adjustable  timing  from  its 
built  in  clock.  Locally,  it  can  select  a  single  channel 
of  the  Multiplexer  instead  of  scanning.  It  is  also 
designed  for  future  expansion  of  the  Multiplexer  to  as 
many  as  256  channels. 

16-Channel  Comparator 

This  module  provides  16  independent  channels  of 
adjustable  threshold,  analog  voltage  comparison  for 
signals  of  ±  10  Volts  at  frequencies  up  to  100  kHz.  Input 
impedance  is  10  kohm.  The  threshold  of  each  channel  is 
set  by  internal  potentiometers  and  is  accurate  to  ±  20  mV 
with  a  hysteresis  of  75  mV.  The  outputs  are  open  collector 
TTL  compatible.  Each  channel  has  an  LED  indicator  on 
the  front  panel  which  is  on  when  the  trip  point  has  been 
exceeded,  and  a  test  jack  that  can  be  used  to  measure  the 
trip  point  setting. 

16-Channel  Sample  and  Hold 

The  sixteen  channel  sample/hold  is  a  general 
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ptupbse  sampler.  It  has  an  acquisition  time  of  20  /Ksec  to 
.1%  and  a  droop  fate  of  20  mV/sec,  There  are  two  blocks 
of  eight  channels,  which  allows  some  segmentation  of 
input  channels.  Each  block  of  channels  requires  its  own 
sample  si^al,  which  can  be  either  low  or  high  true. 

64-Channel  Multiplexer 

This  module  consists  of  two  32  to  1  analog  multi¬ 
plexers.  Each  multiplexer  has  an  output  current  buffer 
with  cable  driving  capability.  Bandwidth  is  70  kHz. 
Inverted  outputs  from  either  channel  is  an  option.  In 
addition  the  outputs  of  the  two  groups  may  be  jumpered 
together  to  make  a  full  64-channel  multiplexer.  Channel 
selection  is  accomplished  by  TTL  inputs  that  contain  the 
binaiy  channel  number.  Scanning  is  accomplished  by  com¬ 
bining  this  module  with  a  Personality  module. 

32-Channel  Amplifier 

This  module  is  a  32-channel  general  purpose  pre¬ 
amplifier  and  signal  buffer  for  low  level  currents.  Two 
user  determined  gain  ranges  are  allowed  and  arc  selected 
by  changing  the  input  resistance  mth  TTL  inputs  on  the 
rear  connector  or,  m  local  mode,  by  a  front  panel  switch. 
Circuit  board  pads  are  provided  for  .the  installation  of 
feedback  capacitors  and  output  DC  blocking  capacitors  or 
series  resistors.  The  arrangement  of  the  inputs  and  out¬ 
puts  allows  the  use  of  mass  termination  connectors  in  the 
Eurocard  rack. 

IV.  A  SAMPLE  SYSTEM 

A  example  of  how  the  above  module  set  might  be 
used  to  assemble  a  system  to  perform  an  integrated  task  is 
^ified  by  the  HARP  Crate  shown  in  Fig.  1.  This  swtem 
is  used  to  integrate  the  charge  from  a  multiwire  beam 
profile  monitor  and  to  produce  a  single  output  containing 
a  time  multiplexed  version  of  the  output  of  each  integrator. 
Thus  one  can  see  on  an  oscilloscope  an  image  of  the  beam 
profile. 


-fi 


Figure  1  The  HARP  Crate 


The  HARP  Crate  is  one  of  the  more  numerous  that 
have  been  built  at  BNL.  It  contains  eight,  8  Channel 
Integrator  modules,  one  64  channel  Multiplexer  module  and 
one  Personalitv  module.  Two  7HP  slots  are  left  open  at 
the  end  of  tne  crate  with  connectors  installed  and 


appropriately  wred  for  power.  These  may  be  used  for 
other  modules  as  desired. 

V.  CONCLUSIONS 

All  in  all  the  instrumentation  effort  has  resulted  in 
the  construction  of  approximately  300  modules  for  42 
aates  located  in  20  racks  around  the  Booster  Complex. 
This  large  a  construction  project  is  beyond  the  normal 
manpower  resources  of  the  Beam  Instrumentation  group. 
To  handle  this,  much  of  the  work  had  to  be  done  piece¬ 
meal  through  outside  vendors.  One  of  the  most  important 
aspects  of  this  effort  has  been  the  struggle  to  involve 
commercial  vendors  in  the  design  and  construction  of 
these  modules  and  systems.  Attempts  to  identify  common 
building  blocks  is  a  key  to  the  success  of  this. 

It  is  hoped  that  future  projects  will  see  much  more 
industry  involvement,  from  the  design  stage  through  the 
production  testing.  Reports  such  as  this  are  just  a 
beginning  attempt  to  disseminate  information  that  might 
be^n  to  attract  some  commercial  interest.  Beam  instrumen¬ 
tation  people  from  all  the  DOE  laboratories  have,  at  regu¬ 
lar  meetings,  been  discussing  the  prospects  for  establish¬ 
ing  some  commonal^  in  instrumentation  on  an  intralabora¬ 
tory  scale.^  In  Addition,  the  new  emphasis  in  USDOE  on 
Technology  Transfer  is  opening  up  some  new  possibilities 
for  cooperation  between  DOE  laboratories  ana  industry. 
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ABSTRACT 

The  new  AGS  Booster  is  designed  to  accelerate  low 
intensity  polarized  protons  and  heavy  ions,  and  high 
intensity  protons.  The  wide  range  of  beam  parameters  and 
the  vacuum,  thermal  and  radiation  environment,  presented 
challenges  in  the  instrumentation  design.  This  paper 
describes  the  problems  and  solutions  for  the  beam  current 
monitors  in  the  Booster. and  its  trarisport  lines.  Where 
available,  results  of  the  initial  operation  wll  be  presented. 

INTRODUCTION 

The  AGS,  wth  a  long  history  as  a  proton  machine, 
also  accelerates  polarized  protons[l]  and  ions,[2]  up  to 
The  Booster,  a  multi-;function  machine  wth 
instrumentation  to  cover  a  wide  range  of  beams,  will 
enhance  all  of  these  operating  modes.  AGS  proton 
intensity  will  be  increased  by  injecting  4  pulses  of  1.5  x 
10^  ®  protons  at  a  7.5  Hz  rate.  The  1.5  GeV  proton 
energy  will  reduce  space  charge  effects  in  the  AGS  at  low 
momentum;and  allow  it  to  accept  ions  up  to  Au"^  ®  ^  for 
delivery  to  RHIC.  Polarized  beam  intensity  will  be 
increased  by  accumulating  20  Linac  pulses  at  2  x  10*  ° 
each.  The  Booster  circumference  is  201.8  meters, 
one-quarter  that  of  the  AGS.  The  rf  duration  for  protons 
wll  be  60  msec,  and  620  msec  for  heavy  ions.  Protons 
(H-minus).  are  injected  in  the  Linac-to-Booster  (LTB) 
line,  while  ions  from  the  Tandem  Van  de  Graaff  arc 
injected  from  the  HITL-to-Booster  (HTB)  line.  The 
Booster-to-AGS  (BTA)  line  carries  the  beam  to  the  AGS. 

This  flodbility  causes  many  problems.  The  LTB 
beam  current  monitors  require  three  orders  of  magnitude 
in  range  (10  /i  A  to  25  mA)  and  at  least  two  in  resolution. 
The  Linac  beam  can  be  as  short  as  300  nsec  (one  Booster 
bunch)  or  as  long  as  400  /tsec.  The  HTB  ion  beams  range 
from  10  ;iA  to  over  100  /i  A,  wth  pulse  widths  from  five 
to  several  hundred  microseconds.  DC  beams  used  for 
tuning  vary  from  10  nA  to  over  100  nA.  The  BTA  line  will 
carry  2  x  10*  °  to  1.5  x  10*  ®  charges  in  three  bunches  as 
narrow  as  50  nsec.  Booster  current  can  vary  from  10  /r  A 


for  single  turn  polarized  protons  or  heavy  ions  to  2.9  A  at 
full  intensity.  Injection  stacking  requires  a  rise  time  of 
under  1  /rsec,  but  polarized  proton  accumulation  can  last 
3  seconds.  The  electronics  for  low  intensity  beams  must  be 
in  the  tunnel  to  maintain  low  noise  wideband  signals. 
Here  they  risk  radiation  damage  from  the  high  intensity 
beam  which  can  be  interleaved  with  low  intensity.  The 
vacuum  will  be  3  x  10"  *  *  Torr  in  the  ring  and  10’*  °  in 
the  transport  lines.  While  most  of  the  current  monitors 
are  external  to  the  vacuum,  they  must  tolerate  bakeout  at 
150  to  300®  C,  depending  on  location.  The  various  types  of 
monitors  employed  will  be  described.  Fast  bunch  intensity 
measurements  made  with  the  beam  position  monitors  in 
the  LTB  line[3]  and  in  the  Booster  Ring,[4]  and  the  wall 
current  monitors  in  the  Ring  will  not  be  described  here. 

TRANSPORT  LINE  CURRENT  TRANSFORMERS 

The  beam  current  transformers  used  in  LTB  and 
HTB  are  similar  to  those  in  the  BTA  line.  They  are 
improved  versions  of  the  HITL  units,[5)  which  were 
derived  from  a  LANL  dcsign.[6]  The  new  transformers 
have  4-inch  and  6-inch  IDs  and  much  faster  rise  times  for 
the  detectors  and  the  electronics  than  earlier  designs.  The 
droop  of  the  LTB  and  HTB  signals  had  to  be  less  than  1% 
for  a  500  /isec  beam.  The  time  constant  (L/R)  of  the 
winding  inductance  (L)  and  the  input  resistance  (R) 
"passively"  integrates  the  differentiated  beam  current. 
High  permeability  Supermalloy  2-mil  tape  cores[7]  of  0.5 
by  0.5  inch  cross-section  were  used.  A  larger  core  would 
give  a  higher  inductance  but  at  riiuch  higher  cost. 
Increasing  the  number  of  turns  (N)  causes  L  to  go  up  as 
N^  but  the  signal  goes  down  and  the  rise  time  gets  slower. 
The  LTB  and  HTB  units  have  a  200-turn  winding  which 
gives  L  =  0.5  H.  The  usable  rise  time  was  improved  to  20 
nsec  by  putting  1  kOhm  resistors  from  every  20th  turn  to  a 
copper  foil  around  the  core.[8]  This  damped  the  ringing  of 
the  turn-to-turn  capacitance  and  the  coil  inductance,  but 
about  25  %  of  the  signal  was  lost.  The  BTA  units  had  only 
40  turns  since  the  beam  lasts  <  1  /isec  and  a  larger  signal 
was  needed.  With  fewer  turns,  it  achieved  the  same  rise 
time  without  damping  resistors. 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 
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Each  core  is  mounted  in  a  Mu-metal  shield  inside  a 
0.5  inch  soft  iron  (1006)  housing.  This  assembly  sits  on  a 
three-point  spring  suspension  isolating  it  from  acoustic 
noise.  The  signals  are  carried  differentially  to  the 
amplifier  in  the  tunnel  on  RG-22  double  shielded  high 
frequency  twinax  cable.  Units  near  the  Booster  have  water 
cooling  of  the  aluminum  core  casing  to  maintain  it  below 
80"  C  during  the  300°  C  bakeout. 

Two  separate  amplifier  chains  are  used  to  cover  the 
three-decade  intensity  range,  digitally  selected  by  switches 
at  the  input  and  output  of  the  board.  Relays  were  chosen 
for  their  low  contact  resistance  rather  than  FET  analog 
switches  which  would  have  increased  the  droop  rate.  One 
amplifier  chain  was  designed  for  high  speed  and  low  gain. 
Coupled  to  the  standard  200-turn  transformer  it  has  a  gain 
of  10  mAA'  and  a  bandwidth  of  5  MHz  for  a  70  nsec  rise 
time.  The  slew  rate  of  high  speed  AD848  op-amp  is  225 
V//isec  and  not  a  factor  in  the  rise  time.  Noise  at  the 
output  is  equivalent  to  50  fiA  beam  current.  A  differential 
input  stage  provides  low  frequency  common  mode 
rejection.  The  current  boosted  output  stage  has  an  output 
resistor  for  back-termination  of  long  cables. 

The  other  amplifier  chain  is  designed  for  high  gain 
with  reduced  bandwidth:  100  A/V  or  10  /iA/V  and  a  1 
/isec  rise  time  when  used  with  a  200-turn  transformer.  An 
OP37EZ  was  used  for  the  first  stages  for  its  low  noise  and 
moderate  speed.  The  final  stage  uses  a  high  speed 
OP42EZ.  A  gain  bit  drives  an  FET  analog  switch  to 
switch  the  gain  of  10  stage  in  or  out.  The  current 
equivalent  noise  for  this  amplifier  chain  is  less  than  1  /iA 
for  either  gain.  The  input  amplifier  is  differential  with 
both  high  and  low  frequency  common  mode  adjustments. 
Preceding  the  input  is  a  "hum-bucker"  transformer  to 
further  suppress  high  frequency  common-mode  noise. 
The  final  stage  is  current  boosted  and  shares  the  output 
resistor  with  the  faster  amplifier. 

A  Base  Line  Restorer  circuit  located  outside  the 
tunnel  is  used  to  reduce  the  effect  of  60  Hz  pickup  by  the 
beam  current  transformer.  The  base  line  is  sampled,  using 
an  AD582,  just  prior  to  beam  time  and  subtracted  from 
the  pulse  by  a  differential  unity  gain  amplifier  (OP27EZ), 
reducing  the  base  line  offset  to  10  mV.  An  Elantec  2003 
provides  output  drive  capability. 

The  beam  current  monitors  are  calibrated  by 
sending  a  current  pulse  to  a  single  turn  winding  on  the 
transformer  core.  The  Calibrator  Board  provides  a  50 
mA,  500  (iA,  or  50  nA  (±  0.1  %),  500  /isec  (nominal) 
wide  current  pulse  selected  using  the  same  bits  that 
control  the  Beam  Current  Transformer  Amplifier  Board 
gain. 


The  BTA  beam  consists  of  three  bunches  as  narrow 
as  50  nsec,  extracted  over  729  to  980  nsec,  so  total  charge 
rather  than  current  is  of  interest.  To  cover  the  range  from 
2  X  10^  °  to  1.5  X 10^  ®  the  circuit  was  designed  with  four 
gain  states.  The  input  signal  is  switched  by  an  array  of 
three  rf  relays  (Aromat  RF1E-DC5V)  with  80  dB  isolation 
at  250  MHz.  This  is  critical  to  prevent  coupling  of  the  high 
intensity  signal  through  the  disconnected  low  intensity 
inputs.  An  amplifier  stage  (AD849)  allows  bunch  viewing 
and  optimization  of  the  input  resistance  of  the  integrator 
stage  (AD843).  Charge  injection  and  offset  voltage 
adjustments  are  provided.  A  peak  reader/hold  circuit 
follows  the  fast  bunch  integral  and  retains  the  maximum, 
preventing  the  transformer  backswing  from  causing  a 
noticeable  error.  Drift  is  <  0.1  %  in  10  msec.  Tests 
indicate  the  area  of  simulated  bunches  to  correct  to  within 
0.1%. 

FARADAY  CUPS  FOR  THE  HEAVY  ION  BEAMS 

Beam  current  is  monitored  at  eight  locations  in  the 
HTB  line  using  Faraday  Cups  mechanically  identical  to 
that  in  the  HITL  line.[9]  Though  destructive,  they  are 
necessary  to  monitor  the  DC  beam  used  for  tuning  the 
line.  The  all  stainless  steel  and  ceramic  design  allows  the 
units  to  be  baked  to  150°  C.  A  -600  V  bias  suppresses 
secondary  emission.  The  new  amplifier  design  consists  of 
separate  relay  selectable  DC  and  pulse  circuits  each  with 
two  gain  states.  Mode  selection  (DC  or  pulse)  and  gain 
selection  (XI  or  XIO)  is  available  computer  or  locally. 
The  DC  circuit  uses  the  stable  OP97EZ  to  provide  a  gain 
of  1  or  10  nAA^  (jumper  selectable)  in  the  high  gain  state 
and  100  nAA'  in  low  gain.  The  bandwidth  is  kept  to  350 
Hz  to  limit  noise.  The  pulse  circuit  uses  an  OP37EZ  and 
an  OP42EZ  to  provides  a  gain  of  1  or  10  uA/V  (jumper 
selectable)  in  the  high  gain  state  and  100  uAA'  in  the  low 
gain.  The  bandwidth  is  300  KHz.  Both  circuits  use  an 
Elantec  2003  as  an  output  driver. 

RING  BEAM  CURRENT  TRANSFORMERS 

The  beam  current  measurement  in  the  ring  was 
specified  to  be  from  10  /i  A  to  10  A  with  a  rise  time  of 
under  1  /isec  and  a  droop  time  of  at  least  3000  sec.  Two 
separate  units,  a  fast  injection  beam  monitor  (BIBM)  and 
a  slower  circulating  beam  monitor  (BCBM)  were  installed 

to  meet  these  requirements.  The  BIBM  and  the  BCBM 
are  mounted  in  a  0.5  inch  thick,  1006  steel  magnetic  shield 
mounted  on  vibration  isolators.  A  water  cooled  copper 
sheet  between  the  transformers  and  the  heater  blanket 
keeps  the  temperature  under  80°  C  during  300°  C 
bakeout.  A  ceramic  break  in  the  beam  pipe  diverts  the 
image  current  outside  of  the  transformers.  The  electronics 
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m-e  mounted  ne^.the  floor  with  steel  conduit  shielding  the 
cables  to  the  transformers. 

f  he  BIBM  uses  a  beam  current  tor6id[10]  which 
prowdes  6.1  V/A  into  50  Ohms  with  a  bandwidth  of  0.5  Hz 
to  8  MHz.  The  core  is  enclosed  in  a  170  mm  ID  aluminum 
shield.  The  circuitry  is  similar  to  that  in  the  LTB  but  wth 
gains  of  l66  /iA/V,  1  mAA^  and  1 AJV,  The  rise  time  is  70 
nsec  for.  the  high  and  1  /isec  for  the  low  intensity  range. 

The  BCBM-  uses  magnetic  modulation  with 
synchronous  second  harmonic  detection  to  measure 
current.  This  commercial  unit[ll]  uses  metal  glass  tape 
cores  modulated  at  6.928  kHz  to  obtain  a  DC  to  15  kHz 
bandwidth.  The  Front  End  Electronics  (FEE)  must  be 
within  3  meters  of  the  detector  while  the  Back  End 
Electronics  (BEE)  can  be  300  m  away.  With  ranges  of  1 
A/W  and  10  mAA',  it  produced  only  1  mV  for  a  10  fiA 
beam,  so  a  switchable  amplifier  (X  10)  was  put  between 
the  FEE  and  BEE. 

The  transformers  were  tested  in  the  AGS.  The 
BCBM  showed  RF  sensitivity,  both  from  pick-up  and  the 
beam,  in  the  3-4  MHz  range.  The  circuits  were  modified 
by  the  vendor  and  are  waiting  to  be  tested  with  high 
intensity  beam.  An  AGS  dipole  produced  about  1.  Gauss 
at  the  housing,  causing  pick  up  equal  to  50  fiA, 
Modulation  noise  equivalent  to  ±  150  /i  A  was  observed. 
See  Figure  1.  Since  this  was  crystal  generated,  a  filter  with 
-40  dB  notches  at  the  fundamental  and  3rd  harmonic  was 
able  to  reduce  it  to  ±  10  ^  A  of  5th  harmonic.  A  4th  order 
21  kHz  low  pass  filter  left  only  random  noise  of  a  similar 
level.  Figure  2  shows  a  50  fi  A  test  pulse  measured  with 
the  BCBM.  The  BIBM  reacts  strongly  to  RF  after  40  msec 
in  the  AGS  cycle  at  highest  gain.  The  high  intensity  range 
bandwidth  overlaps  that  of  the  bunched  beam.  Rolling  off 
the  response  at  1  MHz  eliminated  the  problem  while 
leaving  enough  bandwidth  to  observe  stacking.  Figure  3 
shows  a  partial  turn  of  45  ;UA  of  ®  spiraling  in  the 
AGS  as  seen  with  the  BIBM.  During  LTB  commissioning, 
the  two  beam  transformers  performed  well  and  met  the 
design  requirements. 


Fig.  1.  Modulation  noise  of  DCCT.  50  p  A  test  pulse. 
50  /i  A/div.,  100  /tsec/div. 


Fig.  2.  50  ^A  test  pulse  in  DCCT  after  notch  filter. 
20  fiAJdw.,  100  /isec/div. 


Fig.  3.  Partial  turn  of  45  /i  A  of  O  ®  in  AGS  viewed  by 
BIBM.  50psec/div. 
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Abstract. 

The  purpose  of  this  device,  composed  essentially  of 
cpan^>  line  elements,  is  monitoring,  on  a  per  micropulse 
basis,  the  beam  intensity  of  a  200  MeV  LINAC  at  the  BNL 
Ra^ation  Effects  Facility.  The  center  conductor  of  the 
cbariM  iine  acts  as  a  beam  stop.  The  output  pulses  are 
suitable  for  fast  timing. 

I.  Mechanical  design  and  construction 


Figure  1  shows  the  general  mechanical  configuration 
of  the  Faraday  Cup. 


Figure  1. 

Mechanical  Configuration  of  the  Faraday  Cup 


The  front  end  of  the  center  conductor,  which  acts  as 
a  beam  stop,  has  to  be  range  thick  for  200  MeV  protons,  but 
as  used  in  fast  timing  applications,  requires  only  a  modest 
lateral  extent,  since  IhcsU  oSams  are  usually  WcU-focused.  A 
5  cm  diameter  accommodates  essentially  all  of  a  typical 
focused  REF  Gaussian  beam  profile  (about  1  cm  FV<i5iM). 
The  front  of  the  beam  stop  is  a  right  circular  cyUlnder 
apptojdmately  range-thick  in  length,  inside  a  cylindrical 
lllbusing.  The  beam  stop  then  tapers  down,  with  a  conical 
section  forming  the  transition  between  the  cylindrical  portion 
of  a  50  ohm  cable  connector  which  is  fastened  to  the  back 
end  of  the  housing.  This  tapered  section  (half-angle  9.46 
degrees)  and  the  similarly  tapered  housing  in  that  region 


(half-angle  21.57  degrees)  form  a  section  of  a  conical 
transmission  line  with  50  ohm  impedance. 

The  beam  stop  is  pure  aluminum  to  minimize 
activation.  The  outer  housing,  normally  struck  only  by  stray 
or  scattered  beam,  is  hard  aluminum  for  ease  in  machining 
and  strength.  The  bemn  stop  is  mainly  positioned  relative  to 
the  outer  housing  by  radial  steatite  insulators  120°  apart. 
There  is  also  some  support  by  the  center  conductor  of  the 
coarial  connector  which  threads  into  the  narrow  end  of  the 
beam  stop.  The  front  is  closed  with  A1  foil  (-.015  cm)  held 
m  place  between  a  flange  on  the  outer  housing  ^d  a 
clamping  ring,  using  an  0-ring  to  make  the  seal.  The  intent 
is  to  use  this  Faraday  Cup  either  evacuated  to  a  forepump 
pressure  or  to  have  an  atmosphere  of  argon  or  air;  a  side 
tube  welded  to  the  body  of  the  outer  housing  allows  for 
evacuation  and  filling. 

II.  Electrical  DESIGN 

A  bias  voltage  can  be  applied  to  the  beam  stop 
through  the  side  leg  of  a  T  introduced  into  the  coaxial  cable 
connected  to  the  cup;  the  leg  would  have  an  isolation 
resistance  in  it  to  decouple  the  line  from  the  bias  source. 

The  high  frequency  design  is  based  on  two  formulae 
for  the  characteristic  impedance  of,  respectively,  (circular 
cylindrical)  coaxial,  and  bi-conical,  transmission  lines. 
The  coaxial  line  impedance  is  given  by 
2^  =  (l/27r)(/r/€)'^/n(D/d)  where  e  and  p  are  the 
dielectric  constant  and  permeability  of  the  medium  between 
the  conductors,  and  D/d  is  the  ratio  of  the  outer  to  inner 
diameters  of  the  concentric  conductors.  For  =  50  ohms. 
D/d  =  2.303  ....  The  bi-conical  line  impedance  is 
Zq  =  (l/27r)(/i/e)'^/rt{cot(Si/2)/cor(02/2)}  where  $1  and 
$2  are  half-angles  of  the  inner  and  outer  cones,  see  Figure 
21,2 


Figure  2 

The  Geometry  of  a  Conical  Transmission  Line 
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This  latter  formula  applied  to  matching  the  diameter 
of  the  cylindrical  j^rtion  of  the  beam  stop  to  the  coaxial 
cable  connector  led  to  the  angular  dimensions  cited  above. 
Each  of  these  formulae  strictly  applies  only  to  an  infinite 
trahstnission  line,  however  experience  shows  that  if 
transitions  are  not  "too  abrupt",  reflections  from  these  places 
wll  not  be  significant.  In  the  interest  of  simplifjang  the 
machine  shop  work,  no  special  attempt  was  made  to  make 
the  transition  <my  more  gradual  than  dictated  by  the  purely 
mechanical  constraints  of  joining  the  basic  50  ohm  sections 
to  one  another.  In  fact,  the  only  trouble  in  regard  to 
impedance  matching  was  experienced  with  a  commercial 
hermetic  seal  BNC  style  connector  that  deviated  grossly 
from  SO  ohms.  Replacing  this  with  a  modified  type  N  unit 
gave  the  good  results  to  be  shown  below. 

Ill,  Time  domain  reflectometry  tests 


The  Faraday  Cup  was  tested  by  putting  a  step 
function  pulse  into  the  BNC  connector  and  looking  for 
reflections.  Figure  3  shows  such  a  trace. 


Figure  3 

A  Time  Domain  Reflectometry  Test  of  the  Faraday  Cup 

The  vertical  line  on  the  left  is  the  leading  edge  of 
the  pulse  put  into  a  cable  about  6  ns  long  connected  to  the 
Faraday  Cup.  The  vertical  line  on  the  right  represents  the 
reflection  from  the  end  of  the  beam  stop.  The  wiggles  in 
the  oscilloscope  trace  centered  about  6  cm  (6  ns)  to  the  right 
of  the  leading  edge  is  caused  by  poor  matching  in  the  vicinity 
of  the  coax  connector.  These  deviations  from  the  flatness 
that  would  signify  perfect  matching  were  worse  by  a  factor 
of  about  5  before  replacing  the  connector  wth  the  N 
connector.  The  region  between  the  wiggles  at  6  cm  and  the 
vertical  rise  signifying  the  front  end  of  the  beam  stop 
represents  the  matching  behavior  of  the  rest  of  the  Faraday 
Cup. 


IV.  LINAC  BEAM  TESTS 

The  Faraday  Cup  output  signal  with  REF  facility 
LINAC  beam  entering  the  front  end  was  exammed  with  a  1 
GHZ  real  time  oscilloscope.  Figure  4  shows  the  envelope  of 
a  macropulse  about  480  microseconds  long. 


Figpre  4 

The  Envelope  of  a  (480  Microsecond)  Macropulse 


The  envelope  is  greater  than  1  V  across  50  ohms, 
equivalent  to  20  mA  of  beam  current.  This  picture 
demonstrates  the  change  of  micropulse  amplitude  during  the 
macropulse.  Expanding  the  horizontal  (time)  axis  to  2  ns 
per  cm  produced  the  trace  iln  Figure  5,  which  shows  some 
sections  of  the  pulse  train  of  individual  micropulscs 
superimposed  on  one  another,  since  the  oscilloscope  beam 
made  several  sweeps  during  the  film  exposure.  (This 
oscilloscope  is  capable  of  accurately  displaying  a  Gaussian 
pulse  shape  with  a  FWHM  equal  to  0.5  ns.) 


Figure  5 

Individual  Micropulses,  Sweep  Speed  of  2  ns  per  cm 
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llie  results  are  disap^mting  in  that  a  tnicropulse  as 
me^^^  by  this  device  is  somewhat  wder  (13  hs  FWHM) 
thw  that  measured  by  a~w^  gap  monitor  developed^at  the 
REF  (aijdut  i  ns  F>^M);  pother  artifact  that  is  not 
understood  veiy  well  is  way  the  trace  ,  goes  ^ghtly 
negative.  The  pnly  somewhat  vague  argument  ,  that  can  be 
metered  to  explain  this  is.  that  the  ^embly  as  a  whole  is 
acting  i^.a  cavity  which  is  parti^y  reacting  to  the  shock 
exdtation  of  the  beam  pulses  by  ringing  a  little. 

V.  Evaluation  and  itojre  development 

For  the  intended  application,  this  Faraday  Cup  can 
be  compared  with  a  .wall  gap  monitor.  This  device  offers 
much  the  same  facility  as  a  wall  gap  monitor  in  that  it  sees 
the  whole  of  the  beam,  and  also  has  the-  frequency  response 
to  develop  a  pulse  for  each  micropulse,  rmd  these  pulses  are 
as  uniform  in  amplitude,  presumably,  as  the  envelope  of  the 
macrppulse.  The  Faraday  Cup  is  probably  capable  of  a 
more  accurate  absolute  beam  current  calibration  than  is  the 
WGM,  but  must  be  placed  after  the  target,  which  may  lead 
in  some  cases  to  inaccuracy  due  to  scattering  of  beam  before 
the  FC  is  reached.  The  wall  gap  monitor  has  to  be  installed 
in  the  beam  pipe  however,  which  require  some  effort  every 
time  the  beam  line  is  reconfigured  to  suite  a  particular 
experiment,  while  this  device,  being  external  to  the  vacuum 
system,  is  relatively  easy  to  set  up. 

A  possible  course  for  future  development  would  be 
to  improve  the  matciung  at  the  cable-Faraday  Cup  interface, 
making  larger  diameter  beam  stops  to  accommodate  less 
focused  beams,  and  improving  the  vacuum  capability. 
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Abstract 

A  measurement  system  of  the  betatron  tune  is 
operational  at  the  AGS  and  one  for  the  AGS  Booster  is 
under  development.  Both  systems  use  ferrite  kicker 
magnets  to  excite  coherent  betatron  oscillations.  Differ¬ 
ence  signals  are  sampled  at  the  revolution  frequency  and 
the  tune  is  extracted  from  a  Fast  Fourier  Transform. 
Details,  of  the  hardware  of  both  systems  will  be  described, 
as  well  as  all  the  features  of  the  application  program 
through  which  the  operator  interacts  with  the  hardware. 

Introduction 

To  obtain  the  betatron  tune,  one  generally  kicks 
the  beam  in  one  of  the  transverse  planes  and  analyzes  the 
resulting  coherent  motion  in  that  plane.  The  difference 
signal  at  a  Hxed  position  will  contain  all  frequency  compo¬ 
nents  (m-Q)fQ,  wth  Q  the  betatron  tune,  fQ  the  revolution 
frequency  and  m  the  mode  number.  The  modes  which  are 
closest  to  the  tunc  have  the  strongest  response  [2].  All 
methods  assume  that  the  integer  part  of  the  tunc  is  known 
and  focus  on  determining  the  fractional  part  q.  One  way 
to  extract  q  is  to  filter  the  position  signal  around  one  of  the 
betatron  sidebands  and  measure  the  frequency  of  the 
resulting  signal  with  a  fast  electronic  counter  [1].  Fourier 
analysis  is  another  way  to  obtain  the  fractional  part  of  the 
tune.  By  sampling  the  position  signal  turn  by  turn,  the 
Nyquist  frequency  of  an  FFT  spectrum  wll  equal  IJl  and 
all  the  betatron  sidebands  will  be  folded  back  to  the  same 
frequency  qfg  or  (l-q)fo  for  tunes  below  or  above  the  half 
integer,  respectively  [3,4].  Both  methods  have  been  tested 
at  the  AGS.  The  second  method  has  proven  to  be  more 
robust  and  even  provides  tune  values  when  the  coherent 
signal  lasts  only  for  a  very  short  time  [5].  Also,  more  infor¬ 
mation  is  available  in  the  frequency  spectra  than  in  an 
average  frequency  measurement;  for  example,  when  there 
is  coupling  between  the  horizontal  and  vertical  plane. 
Therefore,  this  method  has  been  selected  for  the  tune 
meter  systems  at  the  AGS. 

*Work  performed  under  the  auspices  of  the  U.S.  Depart¬ 
ment  of  Energy. 


The  AGS  System 

The  kicker  magnets  used  in  the  AGS  are  90  cm 
long,  full  aperture  window  frame  kickers  made  of  stacked 
ferrite  bricks  with  a  single  turn  conductor.  To  prevent 
beam  induced  heating  of  the  ferrite,  shorted  coils  are 
mounted  around  the  yoke  in  the  longitudinal  direction  [6]. 
The  power  supplies  are  LC  pulse-forming  networks  whieh 
are  charged  by  20  kV  dc  power  supplies.  These  networks 
are  located  in  the  injection  equipment  building  and  con¬ 
nected  to  the  magnets  with  200  feet  of  coaxial  cable.  Thy- 
ratrons  are  used  as  switches  for  the  discharge  of  the  pulse 
forming  networks.  The  current  pulses  have  rise  and  fall 
times  of  roughly  0.5  fi  s,  and  a  width  which  can  be  set  to  2 
or  4  /.is.  The  maximum  amplitudes  of  the  current  pulse  is 
1000  A  for  the  horizontal  and  2000  A  for  the  vertical 
pulser.  The  charging  time  for  the  maximum  pulse  height  is 
about  300  ms  and  therefore  limits  the  kick  repetition  rate 
to  effectively  once  per  AGS  cycle. 

For  each  transverse  plane,  a  position  signal  is  fed 
into  an  eight-bit  transient  recorder.  The  revolution 
frequency  is  divided  down  from  the  rf  frequency  and  is 
used  as  a  clock  for  the  transient  recorders.  For  each 
transverse  plane  there  is  a  master  trigger,  derived  from 
either  a  real  time  clock  or  from  the  Gauss  clock,  which 
feeds  variable  delays  to  trigger  the  pulse  forming  networks 
to  discharge  and  to  stop  the  transient  recorders. 

All  the  different  parameters  can  be  controlled 
from  an  application  program.  The  menu  allows  the 
operator  to  set  the  triggers  and  the  kick  amplitude,  and  to 
select  the  kick  plane.  Menu  options  include  selection  of 
multiple  measurements,  averaging  of  the  spectra,  and  pro¬ 
visions  to  study  coupling.  When  one  or  more  measure¬ 
ments  are  done,  the  triggers  are  turned  on  and  the  tran¬ 
sient  recorders  will  generate  an  interrupt  upon  which  a 
10?4  point  data  record  for  the  horizontal  and/or  vertical 
plane  will  be  transferred  into  the  application  program. 
The  FFT  is  calculated  and  the  digitized  data  and  the 
frequency  spectra  are  displayed. 
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Figwe  1  shorn  an  example  of  a.  me^urement: 
The  top.  trace  shows  the  position  signal  in  the  vertical 
plane.  The  beam  is- picked  at  roughly  turn  huniber  350. 
The  maximum  amplitude  of  the  betatron  oscillation  is 
^ciliated  to  be  2  mm  for  this  case.  The  fast  beating  of  the 
si^al  is  a  resuU  of  undersampling  of  the  position  signal. 
The  coherence  is  seen  to  decay  in  a  few  hundred  turns  due 
to  the  npn-Kro  chromaticity.  The  lower  trace  shows  the 
Fourier  Transform.  Figure  2  shows  another  example 
Ulustfating  the  sensitivity  of  the  method.  The  kick  ampli¬ 
tude' for  this  case  was  reduced  to  10%  of  the  value  in  Fig¬ 
ure  r.  It  is  seen  that,  although  the  signal-to-hoise  ratio  has 
become  worse,  the  tune  can  still  be  obtained  with  the  same 
precision.  That  the  peak  has  the  same  height  is  because 
the  program  uses  autoscaiing  routines  when  displaying 
frequency  plots  wth  linear  vcrtical  scales. 
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Fig.  1.  Result  of  a  tune  measurement.  At  the  top,  the 
position  signal  is  displayed  versus  the  turn  num¬ 
ber.  Bottom  trace  is  the  FFT  spectrum  assuming 
the  tune  is  between  8.5  and  9. 

A  less  ideal  case,  in  which  operator  interaction  is 
required  to'  obtain  a  value  for  the  tune,  is  shown  in  Figure 
3.  The  beam  has  been  kicked  in  the  horizontal  plane  dur¬ 
ing  an  interval  in  the  acceleration  cycle  of  constant  mag¬ 
netic  field,  a  large  negative  horizontal  chromatrcity,  and 
small  vertical  chromaticity.  The  coherence  in  the  horizon¬ 
tal  plane  is  decays  very  rapidly,  while  some  energy  is 
coupled  in  the  vertical  plane.  This  motion  is  picked  up 
and  since  it  lats  a  very  long  time,  it  translates  to  the  very 
well  defined  peak  at  8.76  in  the  frequency  display,  as  com¬ 
pared  to  the  very  broad  peak  around  8,68  for  the  horizon¬ 
tal  tune.  The  very  fast  decay  in  the  horizontal  coherence 
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Fig.  2.  Illustration  of  the  sensitivity  of  the  measurement. 
The  kick  amplitude  has  been  reduced  to  10%  of 
the  value  of  the  kick  used  in  Figure  1. 


effectively  acts  as  a  window  for  the  Fourier  Transform  and 
causes  the  fast  beating  in  the  horizontal  peak.  Identifica¬ 
tion  of  the  tunes  in  these  situations  is  facilitated  by  switch¬ 
ing  planes  because  when  kicking  in  the  vertical  plane,  the 
horizontal  signal  will  be  negligible  compared  to  the  strong 
vertical  response. 


Fig.  3.  Influence  of  betatron  coupling  and  chromaticity 
on  the  frequency  display. 
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The  Booster  System 


The  kicker- magnets  are  full  aperture  window- 
frame  ferrite  magnets.  Figure  4  shows  a  cross  section  of 
one  for  the  horizontal  plane.  Copper  sheets  arc  inser^^d 
into  the  yoke  to  reduce  coupling  of  the  beam  to  the  ferrite 

[7]  and  to  maintain  the  magnetic  properties  of  the  ferrite 
[6].  These  sheets  are  grounded  to  the  vacuum  chamber  to 
proride  a  path  for  the  image  current.  CMD  5005  ferrite 
was  selected  for  its  high  rf  permeability,  low  outgassing 
and  high  rcsistirity.  Because  the  magnets  have  to  operate 
in  an  ultra-high  vacuum  cm-ironment,  all  parts  have  been 
vacuum  fired  at  950*  C  except  the  ferrite,  where  the  tem¬ 
perature  was  limited  to  400*  C  to  maintain  its  electrical 
characteristics  [8,9]. 


The  modulators  for  both  the  horizontal  and  verti¬ 
cal  kicker  are  line-t>'pe  pulsers  >rith  a  maximum  current  of 
1500  A  at  20  kV.  The  pulse  length  can  be  selected  to  1  /is 
or  3  /is.  The  principal  difference  from  the  AGS  pulsers 
described  above  is  the  much  faster  charging  time;  5  ms  at 
20  kV  and  a  1  /is  pulse  length.  Details  on  the  design  and 
performance  of  the  pulsers  are  described  in  a  separate 
paper  [10]. 

Position  information  is  obtained  from  the  Booster 
BPM  system  and  transferred  on  an  optical  link  to  process¬ 
ing  equipment,  which  is  much  more  elaborate  than  that  of 
the  AGS  system,  because  of  the  much  larger  range  of  revo¬ 
lution  frequencies  in  the  Booster.  T'*’:  resolution  time  in 
the  Booster  varies  from  roughly  0.7  to  15  /is  and  since  a  1 
/is  or  3  /is  pulse  is  available,  it  can  happen  that  only  a  frac¬ 
tion  of  a  turn  \rill  be  kicked.  The  signals  \rill  be  fed  into 
high  speed  integrators.  Baseline  restoration  circuitry  will 
take  care  of  the  ac  nature  of  the  input  signals.  The  revolu¬ 
tion  frequency  will  be  used  also  as  a  clock  for  the  transient 


recorders  and  with  a  small  delay  as  reset  for  the  faU  inte¬ 
grators.  Ail  other  timing  signals  for  triggering  the  pulsers 
and  to  tri^er  the  transient  recorders  are  obtained  from 
the  central  Booster  timing  system. 

Another  difference  \rith  the  AGS  syste.n  is  the 
much  higher  repetition  rate  of  the  Booster  (7  Hz).  Four 
Booster  pulses  at  this  frequency  will  be  needed  to  fill  the 
AGS  and  comparative  measurements  in  each  of  these 
cycles  arc  highly  desirable.  The  transient  recorders  arc 
Camac  modules  which  arc  connected  to  the  station  where 
the  application  code  resides  through  a  GPIB  bus.  The  pro¬ 
tocol  for  reading  the  transient  recorders  has  been  optim¬ 
ized  such  that  data  transfer  from  both  planes  is  completed 
well  within  the  time  between  interrupts.  The  selection  of  a 
particular  cycle  is  therefore  done  in  the  application  ^(3idc 
and  not  at  the  system  hardware  level. 

The  application  program  will  be  very  similar  to 
the  one  for  the  AGS.  The  triggers  which  control  the 
modulators  and  transient  recorders  will  be  derived  from 
one  single  entry.  The  amplitude  of  the  kick  is  the  only 
other  parameter,  which  has  to.be  adjusted,  Menu  options 
will  include  selection  of  t** .  rc  '\lt  of  a  measurement  in  one 
or  more  cycles  within  a  group,  averaging  of  spec¬ 

tra  within  a  Booster  gre  p,  and  averaging  cycles  from 
consecutive  0oi).stor  groups.  Provisions  will  1^  made  to 
acquire  multiple  measurements  and  transfer  results  to 
other  applic?*’"'  1  codes,  for  instance  to  the  code  which 
controls  the  tun^  orrcction  power  supplies. 

All  the  system  components  are  presently  available 
and  installation  is  in  progress.  First  system  tests  are 
expected  by  the  middle  of  May,  1991. 
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Abstract 

The  PETRA  storage  ring,  modified  for  use 
as  an  injector  to  the  HERA  proton  ring,  requires 
active  control  of  betatron  tunes  during  the  proton 
acceleration  cycle.  A  tune  measurement  system 
based  on  a  personal  computer  equipped  with 
commercial  data  acquisition  and  analysis  cards  is 
used  for  both  measurement  and  control  of  the 
tunes. 

I.  INTRODUCTION 

PETRA  was  designed  as  an  electron 
storage  ring  for  7-20  GeV  electron  beam  energy;  it 
now  serves  both  the,  HERA  electron  and  proton 
rings  as  ah  intermediate  energy  booster.  For  the 
proton  service,  beam  is  injected  at  7.5  GeV  and 
accelerated  at  about  .3  GeV/sec  to  40  GeV;  it  is 
planned  to  accelerate  a‘  train  of  50-70  bunches 
spaced  97  nanosec  aparf,  There  are  significant 
betatron  tune  shifts  during  acceleration,  at  low 
energy  from  eddy  Gurrents^  in  the  aluminum 
vacuum  chambers  and  at  bighi  energies  from  field 
saturation,  esj)ecially  in  the  bending  magnets.  We 
therefore  decided  to  build  a  tune  measurement 
system  with  relatively  fast  response  to  aid  in 
understanding  and  correction  of  these  effects; 
minimizing  excitation  of  til©  proton  bunches  has  at 
present  second  priority. 

II.  TONE  MEASUREMENT 
A.  Beam  Pickup  and  Signal  Processing 

Fig,  1  shows  a  schematic  of  the 
measurement  system.  The  signal  source  is  a 
directional  coupler  pickup  of  the  type  designed  for 
the  HERA  straight  sections  [1],  mounted  in  the 
PETRA  proton  bypass.  The  electrodes  are  40  cm 
long,  which,  together  with  the  2-3  m  bunch  length, 
results  in  a  bipolar  output  pulse  with  signal  energy 
concentrate  between  50  and  150  MHz.  The 

sensitivitifes  are  50  mv  pp/10^  protons  for  a  single 
electrode  and  0.7  db/mm  for  the  ratio  of  voltages 
from  opposed  electrodes. 

Pulses  from  the  monitor  are  transmatted 
about  100  m  to  a  service  hall,  amplified  in 
broadband  chains  with  switchable  gain,  and 


stretched  using  Schottky  diodes  biassed  to  just 
below  threshold,  yielding  about  30  dB  dynamic 
range.  The  signals  from  opposing  electrodes  are 
subtracted,  amplified,  and  subjected  to  65  kHz  low 


Fig.  1  Simplified  schematic  of  one  channel 

of  the  PETRA  tune  measurement  system 

pass  filters  (the  PETRA  revolution  frequency  is 
about  130  kHz).  There  is  no  time  gating  of  the 
pulse  train,  so  the  low  frequency  signal  is  a  sum 
from  all  bunches  in  the  machine,  with  high 
sensitivity  to  modes  in  which  the  bunches  are 
moving  almost  in  phase  (multiples  of  10.3  MHz 
for  the  97  nsec  bunch  spacing  in  PETRA).  The  low 
frequency  signals  are  brought  on  1  km  long 
RG-213  cables  to  the  control  room,  where  they  are 
fed  to  anti-aliasing  filters  with  a  sharp  cutoff  above 
65  kHz,  and  thence  to  A/D  converters. 

A/D  conversion  is  performed  by  special 
cards  sitting  on  the  AT  bus  of  the  personal 
computer  used  for  control  and  display.  The  cards 
(Microstar  DAP  2400/5)  have  also  80C186  CPU 
and  56001  DSP  chips  and  are  thus  able  to  perform 
data  proce.'ising,  including  fast  Fourier  transforms, 
before  the  data  is  transferred  to  the  host  PC.  The 
10  Hz  rate  is  achieved  with  two  cards  (horizontal 
and  vertical  tunes)  sampling  at  160  IcHz, 
performing  512  point  real  Fourier  transforms,  and 
transferring  the  256  point  power  spectra  to  the  host 
PC.  Programming  of  the  cards  is  done  through 
high  level  commands  which  are  easy  to  use  but 
somewhat  inflexible. 


0-7803-0135-8/91S03.00  ©IEEE 


1276 


The  host  is  a  20  MHz  386-based  passive 
bus  PC  with  12  AT  bus  slots  in  a  19"  rack  mount 
chassis.  The  keyboard  and  monitor  use  a 
commercially  available  extension  system  and  are 
at  the  main  PETRA  console,  about  30  m  from  the 
rack.  The  PC  is  used  for  control,  display,  and 
recording  of  tune  spectra.  It  can  record  the  spectra 
on  disk  at  the  full  acquisition  rate  of  10  Hz  per 
channel,  and  provides  at  several  Hz  updates  of  the 
spectra  on  a  color  monitor.  In  principle  it  could 
also  perform  intelligent  peak  finding;  for  the 
present  the  tunes  are  simply  taken  to  be  the  highest 
points  within  settable  windows.  Fig.  2  shows  a 
record  of  betatron  tune  frequency  during  a  ramp 
from  7.5  to  40  GeV,  with  intermediate  files  at  30 
and  35  GeV.  One  advantage  of  the  PC  system  is 


Fig.  2  Display  from  the  tune  control 
system.  The  horizontal  scale  is  12.8  sec  per  box 
and  the  vertical  10  kHz  per  box.  Rate  dependent 
tune  shifts  are  compensated  but  various  effects 
from  non-linearities  in  the  magnet  excitation 
curves  remain. 

that  it  is  easily  reconfigured;  a  control  menu 
permits,  for  example,  switching  back  and  forth 
between  a  pfo^am  in  which  the  data  acquisition  is 
triggered  on  injection,  and  a  program  in  which  the 
kicker  excitation  is  used. 

B.  Beam  Excitation 

Beam  excitation  uses  50  Q  broadband 
ferrite  loaded  kickers  driven  by  1  kW  RF 
amplifiers  and  capable  of  supplying  aboqj  1  G-m 
maximum  field  integral  between  0.2,-30  MHz.  T^e 
kicker  and  amplifier  are  part  o^  the  transverse 
feedback  system  built  for  multibunch  electron 
operation  ot  PETRA  [2],  and  are  considerably 


stronger  than  necessary  for  excitation  of  tune 
signals.  The  RF  waveform  is  created  by  mixing  a 
low  frequency  (5-65  kHz)  signal  up  to  10.3  MHz 
with  a  single  side-band  system.  The  10.3  MHz 
comes  from  dividing  the  52  MHz  cavity-  RF 
frequency  and  thus  tracks  the  RF  frequency  during 
acceleration.  The  low  frequency  signal  is  created 
by  a  D/A  converter  on  the  DAP  card,  which  clocks 
out  a  pre-loaded  signal  as  the  ADC  clocks  in  the 
data;  the  clocks  are  driven  simultaneously  by  a  160 
kHz  pulse  burst  from  a  programmable  timer  card 
on  the  AT  bus,  with  the  excitation  and  acquisition 
lasting  512  samples/160  kHz  or  3.2  msec.  The 
level  of  the  DAC  cannot  be  quickly  changed 
within  the  DAP  card,  so  digital  control  lines  are 
used  to  drive  an  external  attenuator  board, 
permitting  for  example  control  of  the  signal  level 
during  the  accelerator  cycle. 

The  waveform  used  at  present  is  a 
frequency  sweep  moving  between  5  and  45  kHz 
during  the  3.2  msec,  resulting  in  an  excitation  of 
the  beam  lasting  for  about  60  revolutions.  Typical 
excitation  voltage  to  the  kicker  is  2  volts,  or  about 
.01  Gauss-m  maximum  kick  strength.  As  for  the 
pickup,  there  is  no  time  gating,  so  all  bunches  are 
excited. 

Although  not  designed  for  minimum 
excitation,  the  system  has  several  advantages  in 
this  respect.  First,  measurement  duty  factor  is  low 
(3  %  for  512  pt  transforms  at  10  Hz),  and  second, 
the  linear  frequency  sweep  both  excites  and 
de-excites  the  betatron  oscillation,  providing  that 
decoherence  resulting  from  tune  spread  is  small 
during  the  excitation.  We  have  not  yet  made 
measurements  which  could  indicate  how  well  this 
is  achieved  in  practice,  but  it  is  clear  that  at  the 
start  of  acceleration  eddy  current  induced 
multipoles  result  in  tune  spreads  large  compared  to 
this  criterion.  Finally,  the  fact  that  both  the 
excitation  and  the  pickup  work  with  all  bunches  in 
the  machine  means  that  as  the  number  of  bunches 
becomes  large  the  excitation  per  bunch  may  be 
reduced. 


III.  TUNE  CONTROL 

The  PETRA  magnet  ramp  is  driven  by  a 
clock  with  settable  pulse  frequency,  with  512  Hz 
giving  the  design  dE/dt  of  0.3  GeV/sec.  The  ramp 
is  perfomied  as  a  series  of  file  transfers  in  which 
all  currents  are  stepped  linearly  between  initial  and 
final  current  values;  non-linearities  may  be 
handled  by  increasing  the  number  of  intermediate 
magnet  current  files,  but  this  requires  stopping  the 
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r^p,  reloading  step  sizesj  and  restarting,  which 
takes  several  seconds  and  may  have  consequences 
for  the  ^arri  dynamics. 

During  tests  of  PETRA  with  protons  in 
mid- 1990  large  tune  shifts  were  observed  during 
acceleration.  The  shifts  at  low  energy  are  observed 
to  bd  closely  proportional  to  the  ramp  rate,  as 
expected  from  field  errors  caused  by  eddy  currents 
in  the  vacuum  chamber,  with  a  shift  of  about  +10 
kHz,  in  the  horizontal  tune  frequenc>  .r  128  Hz  as 
shown  in  Fig.  3.  The  predicted  shift  of  40  kHz  or 
dQ  =  0.3  at  the  design  ramp  rate  is  not  acceptable, 
so  some  addirional  control  of  the  tunes  during  the 
ramp  is  necessary. 


DAP  card,  a  smoothed  second  derivative  is 
calculated,  arid  numbers  of  up  or  down  pulses 
proportional  to  the  second  derivative  are  sent  to 
boxes  which  add  these  pulses  to  the  clock  pulse 
streams  serit  to  the  quadfupole  cuitent  controllers. 


Fran  va  Tina 


Fig.  3  Record  of  tune  frequency  vs  time 
for  three  ramps  from  7.5  to  9.5  GeV:  a.  64  Hz 
magnet  clock  with  2.5  Hz  sample  rate  b.  128  Hz 
magnet  clock  with  5  Hz  sample  rate,  and  c.  128 
Hz  magnet  clock  with  rate  dependent  tune 
correction.  The  horizontal  tune  is  initially  the 
lower  trace,  and  crosses  above  the  vertical  during 
the  ramp  for  a.  and  b. 

A  tune  control  system  based  on  a 
phase-locked  loop  already  exists  for  PETRA 
electron  operation;  the  beam  is  excited  at  fixed 
frequency  and  the  loop  is  closed  by  incremental 
changes  in  the  current  in  two  specially  modified 
quadrupole  circuits  [3].  For  protons  it  was  decided 
to  build  a  control  system  not  so  dependent  on 
excitation  of  the  beam.  In  particular,  to  the  extent 
that  tune  shifts  are  proportional  to  ramp  rate 
(divided  by  beam  energy)  the  quadrupole 
correction  currents  should  be  set  proportional  to 
the  momentary  ramp  rate.  To  do  this,  while 
maintaining  the  possibility  for  other  corrections,  a 
third  Microstar  DAP  processor  on  the  AT  bus  is 
used,  together  with  an  input  scaler  receiving  the 
clock  pulses  which  drive  the  ramp.  The  entire 
correction  procedure  runs  on  the  real-time 
multitasking  operating  system  of  the  DAP,  with 
only  peripheral  communication  to  the  PC  (Fig.  4). 

The  scaler  count  is  read  at  10  Hz  by  the 


Fig.  4  Simplified  schematic  of  the  PETRA 

tune  control  system 

This  gives  summed  correction  currents 
proportional  to  the  clock  frequency.  The  reaction 
time  is  limited  by  the  maximum  rate  at  which 
correction  pulses  can  be  accepted  by  the  control 
system,  which  is  about  5(X)  Hz.  At  the  512  Hz 
clock  rate  1000  correction  pulses  must  be  fed  to 
the  controller  at  ramp  start  (and  again  at  ramp 
stop),  so  the  clock  frequency  tum-on  and  turn-off 
times  are  set  to  2  sec  to  ensure  that  the  tunes 
remain  constant.  The  correction  system  is  effective 
(Fig.  3),  showing  that  the  tune  shifts  are  indeed 
closely  proportional  to  ramp  rate. 

It  is  also  possible  to  add  additional 
correction  terms  which  are  a  function  of  the  scaler 
count  and  could  compensate  magnet  saturation 
effects.  This  is  desirable  (Fig.  2)  but  has  not  yet 
been  tested  with  beam.  Corrections  based  on  the 
tune  measurements  from  the  PC  are  also  possible. 
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Abstract. 

The  device  for  prompt  observation  of  the 
cyclotron  dees  shift  In  vertical  and  torizontal 
^Motions  Includes  fas  laser  the  lifht  of  which 
is. reflected  from-concave  spherical  mirror  flMed 
oh  the  controUed-diiant  and  TV-imnitorlnf  system 
for  cph-troUlnf  the  lifht  reflection  shift.  The 
tests  on  lAE  cyclotron  showed  the  sensitivity  of 
the  tevlce  up  to  tenth  fractioim  of  mm.  The 
transmlsslpn  of  opUcai  Information  over  fibre 
optics  line  considerably  simplifies  the 
arranfement  of  construction  eienmntls. 

I.  INTRODUCTION. 

Broad-band  frequency  chanfe  of  coaxial 
osclllatinf  lines  In  cyclotrons  with  the  enerfy 
refulated  by  their  heaUnf  .and  other  reason  can 
result  to  (^placement  of  dees  at  the  and  this 
lines  up  to  2-3  mm.  the  same  displacement  of  dees 
takes  place  and  after  some  prbfUaction  works. 
Such  displacement  chanfes  the  acceleratlnf 
conditions  resonance  frequency  the  ion  shows 
work  quality  and  may  decrease  the  cyclotron  beam 
intensity  up  to  ten  percents.  Cue  to  this  reason 
the  prompt  monltorlnf  of  dees  displacement  is 
very  useful. 

II.  OPTICAL  MONITORING  OF  DEES  SHIFT. 

At  Kurchatov  lAE  cyclotron  there  was 
proposed  and  realized  the  optlcat  system  for 
prompt  and  permanent  observation  dees  shift  (11. 
The  device  (flf.l)  used  a  fas  laser  the  lifht  of 
which  comes  trouf  h  collimators  and  f  lass  window 
in  vacuum  chamber  to  a  dee.  It  is  reflected  from 
copper  concave  spherical  mirror  fixed  at  the 
controlled  dee  and  throuf h  the  same  window  foes 
to  a  screen.  TV-monltorlnf  system  Is  used  for 
observation  of  the  lifht  displacement  on  the 
screen.  The  test  of  this  system  on  lAE  cyclotron 
showed  the  sensitivity  of  the  device  about  0.1  mm 
with  the  distance  between  the  screen  and  dee 
about  8m. 

The  main  defects  of  the  present  construction 
are  a  necessity  to  work  with  the  stralfht  lifht 
beam  and  alonf  outer  optical  basis.  So  to  test 
the  medical  cyclotron  MPC-10  In  Kurchatov  lAE  it 
was  proposed  another  construction  of  optic 
transmittinf  and  recelvlnf  tracts  (flf.l). 

In  this  construction  the  fas  laser  lifht  is 
transported  trouf h  fiber  optic  line  50  mkm  in 
vacuum  chamber.  It  is  focused  by  focus  lens  and 
spherical  concave  mirror  placed  at  the  dee  at  the 


enter  surface  of  fiber  optic  ref ular  line  with 
dimensions  25x30  mm.  This  line  transports  the 
lifht  from  vacuum  chamber.  Outer  ends  of  two  such 
lines  from  both  dees  combined  tof ether  before  TV- 
camera  and  operator  can  see  the  displacement  of 
two  dees  ON  TV-monitor.  Both  optic  lines  -  mono 
and  ref  ular  -  are  mounted  and  have  vacuum-tif  ht 
at  flanfe  fixed  at  vacuum  chamber.  Such  system 
does  not  need  any  additional  allf nment  after  its 
mountinf. 

The  focal  lenfth  of  the  lens  is  25  mm, 
curvature  radius  of  inlrror  is  100  mm.  diameter 
30mm.  the  distance  between  lens  and  mirror  is 
140mm. 

III.  C0N(XUSION. 

The  testinf  of  the  model  of  this  monltorlnf 
system  shows  that  it  is  possible  to  fix  dees 
vertical  and  horizontal  displacement  0,5mm  in  the 
ranfe  5mm. 

The  transmission  of  optical  information 
throufh  the  fiber  optic  lines  considerably 
simplifies  the  arranfement  of  construction 
elements  and  increases  its  reliability. 

IV.  REFERENCES. 
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flf.l.  Optical  syaUm  for  proll^>i  and  permanent  observation  dees  shift. 

1.  Gas  laser  1-2  mV,  2.  Fiber  optic  Una,  3.  Cyclotron  vacuum  chamber, 
4.  Flanfe,  S.  Lens,  6.  Concave  copper  ^rror,  7.  Dee,  8.  Many-veln 
refular  optic  Una  25x30  sun,  8.  Coordljuite  netvlth  Imafa  of 
laser  ray,  10.  TV'«amera,  11.  Vacuum  tight. 
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Abstract; 

Effective  utiHzatiqn  of  the  SSC  test  beams  for  detector 
studies  and  calibration  will  require  sophisticated  beamline 
instrumentation.  Cunent  plans  call  for  the  Laboratory  to 
develop  an  inventory  of  efficient  and  reliable  intensity 
monitors,  particle  tracking  systems,  and  particle  identification 
systems  which  can  cover  the  full  range  of  particle  energies  and 
species  expected  to  be  demanded  of  the  facility.  Here  we 
present  some. of  those  demands  and  the  draft  designs  of  the 
heeded  qiparatus. 

I.  Introduction 

Instrumentation  for  SSC  test  beams  can  be  divided  into 
two  broad  categories;  that  used  for  establishing  and 
maintaining  the  desired  flow  of  p^cles  to  the  calibration  hall, 
and  that  u^  in  counting,  tagging,  or  otherwise  analyzing  the 
beam  to  provide  information  to  the  experimenters  making  use 
of  it.  For  the  sake  of  this  report,  devices  used  in  the  former 
category  will  be  referred  to  as  "monitors",  and  those  in  the 
latter  will  be  called  "tagging"  elements.  Monitor  systems  are 
primarily  the  concern  of  the  SSC  Accelerator  Systems 
Division,  while  tagging  elements,  since  they  are  directly 
driven  by  the  end-users,  come  under  the  jurisdiction  of  the 
Physics  Research  Division.  This  document  is  written  from 
the  Physics  Research  perspective,  so  it  addresses  only  the 
tagging  elements. 

II.  INSTRUMENTATION  SPECMCATIONS 

Here  we  will  analyze  the  requirements  of  the  experiments 
which  we  anticipate  will  become  parts  of  the  experimental 
physics  program.  For  the  sake  of  this  analysis  we  model  this 
program  as  being  composed  of  two  colliding  beam  detectors: 
SDC  [1]  and  L*  [2],  and  one  extracted  beam  experiment:  SFT 
(3],  which  uses  20  TeV  protons.  We  emphasize  that  this  is 
only  a  model:  while  it  is  not  inconsistent  with  any  published 
plans  of  the  Laboratory  it  also  does  not  imply  any  intention 
on  the  part  of  the  SSC  Lab  to  carry  out  these  particular 
experiments. 

A .  Demands  of  the  Collider  Experiments 
Calorimeter  Calibration 

Taking  the  more  demanding  designs  for  calorimetry  in  the 
SDC  experiment  we  find  that  the  energy  resolution  will  be 
AE/E  =  40%/Ve©2%  for  the  hadronic  section  and 
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AE/E  =  15%/lfE^©6.5%  in  the  electromagnetic  compartment. 
(The  symbol  ©  indicates  addition  in  quadrature.  The  energy 
"E"  is  measured  in  GeV.)  In  both  scenarios  the  position 
resolution  of  the  electromagnetic  section  of  the  calorimeters 
may  be  as  fine  as  =^2mm. 

The  finest  anticipated  resolutions  for  calorimetry  in  L*  are 
AE/E  =  50%/lfE^©2%  for  the  solid  scintillator  hadronic 
calorimeter  which  is  used  in  combination  with  a  barium 
fluoride  electromagnetic  calorimeter  having 

AE/E  =  1.3%/i/E^©0.5%.  The  entire  forward  calorimeter 
structure  in  this  experiment  will  use  TMS  as  the  sensitive 

medium.  This  provides.AE/E=17%/lfE^©l%  electromagnetic 
resolution  and  A^  =54%/lfE^©2%  hadronic  resolution. 

In  order  to  effectively  provide  calibration  and  final  testing 
of  these  calorimeters,  the  test  beam  energy  and  composition 
must  be  Imown  better  than  the  anticipated  response  of  the 
deUx:tors  thcmselv^.  To  probe  a  calorimeter  having  intrinsic 

resolution  of  1.3%/Ve^©2%  one  must  determine  , the  incident 
particle  energy  to  around  0.3  %  absolute,  Measuring  the 
width  of  the,  calorimeter  response  requires  that  the  relative 
energies  of  bcam.t^cles  be  known  to  a  fraction  of  this,  or 
about  0.05%. 

Correct  calorimeter  calibration  also  requires  knowledge  of 
the  type  of  the  incident  beam  particle.  This  is  neede4  because 
calorimeters  respond  differently  to  electrons  and  photons  thm. 
they  do  to  hadrons.  This  difference  in  response  is  used,  in  fact; 
to  determine  the  particle  species  in  the  calorimeter.  The 
calorimetry  of  both  SI^  and  L*  is  designed  to  identify 
electrons  with  a  rejection  power  of  about  100:1.  To  test  this 
in  a  beamline  will  require  that  the  beam  particles  be  identified 
somewhat  better  than  this,  or  with  a  rejection  power  of  order 
1000  to  1. 

Tracking  Chamber  Calibration  and  Testing 

Both  L*  and  SDC  may  use  large-cell  drift  chambers  in  the 
outer  regions  of  the  detectors  to  track  muons.  At  least  some 
of  these  drift  chambers  will  need  to  undergo  final  testing  in  a 
beam  at  the  SSC  site  as  late  as  reasonable  before  they  are 
placed  in  their  final  positions  in  the  expe.rimental  halls.  The 
primary  demand  in  these  tests  will  be  precision  location  of  the 
beam  particles.  Since  the  drift  chamber  resolution  will 
typically  be  about  150  pm  (each  wire  taken  alone),  the  beam 
track  location  must  be  known  with  slightly  better  precision. 

Further  demands  on  beam  alignment  accuracy  will  be  made 
by  the  other  tracking  detector  assemblies.  Scintillating  fiber 
uackers  will  have  cell  sizes  of  order  0.8  mm  (a=300pm),  and 
straw  tube  drift  cells  will  achieve  position  measurement 
resolutions  of  around  100  pm.  Both  detector  types  may 
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require  a  tagged  beam  for  establishment  or  validation  of  the 
engin^i^  alignment  because  of  inherent  uncertainties  in  the 
positioning  of  their  coihponents.  Plastic  scintillating  fi^rs 
are  naturally  flexible  and  imprecire,  for  example.  All  of  the 
outer  tracking  cHamber  requirements  can  be  met  if  the 
calibration  beam  position  is  Imowh  to  about  SO  pm. 

More  challenging  will  be  the  testing  of  the  silicon  inner 
trackers  for  the  two  detectors.  Silicon  suips  and/or  pixels  arc 
envisioned  with  sizes  as  small  as  25  pm.  Clearly,  the  only 
way  to  provide  beam  position  information  with  a  resolution 
meeting  the  survey  needs  of  the  silicon  trackers  will  be  to 
employ  several  layers  of  similar  detectors  in  the  beaihline 
ticking  system. 

B,  Extracted  B-physics  beam 

The  smaller  SSC  experiments  have  an  advantage  over  the 
large,  major  ones  in  that  they  can  postpone  construction  of 
detector  elements,  and  therefore  the  final  selection  of 
technologies,  to  only  a  few  years  prior  to  tum-on.  Because  of 
this  diHerence  in  scheduling  the  small  experiments  will  be  able 
to  use  the  SSC  test  beams  for  developing  and  testing  detector 
technologies  as  well  as  flnal  calibration.  This  delayed  schedule 
also  allows  the  SSC  scientific  program  planners  to  defer 
selection  of  experiments,  so  there  is  no  "preferred"  small 
physics  experiment  at  present. 

Tracking 

The  proposed  "Super  Fixed  Target"  (SFT)  experiment 
would  use  a  combination  of  silicon  strips,  silicon  pixels,  and 
proportioii^  wire  chambers  as  tracking  detectors  in  a  fixed- 
ta'/gf/('ait^gement.  The  pitch  of  the  precision  silicon  strips 
would  be  less  than  or  equal  to  25  pm.  The  plans  for  the  wire 
chambers  call  for  wire  spacing  as  small  as  1  mm.  Since  all  of 
these  would  be  planar  devices  (typical  for  fixed'target 
experiments)  the  demand  for  survey  using  a  test  beam  would 
likely  be  minimal  or  nonexistent.  In  any  case,  all  but  the 
25  pm  planes  could  be  accurately  probed  using  techniques 
similar  to  those  already  envisioned  for  the  colliding  beam 
detectors. 

The  muon  system  proposal  consists  of  absorber  with 
Resistive  Plate  Chambers  (RPC's)  interleaved.  There  is  no 
difficulty  meeting  the  position  resolution  requirements  for 
testing  these  chambers  (>1  mm  discharge  size).  It  is  expected 
that  the  test  beam  may  be  used  for  an  extensive  R&D  program 
to  develop  them. 

Particle  Identification 

For  identifying  charged  particles  SFT  proposes  a  Ring 
Imaging  Cerenkov  counter  (RICH).  The  device  would  be  large 
(~750  m^),  and  capable  of  differentiating  among  pions,  kaons, 
and  protons  at  momenta  up  to  300  GeV/c.  The  SFT  Letter  of 
Intent  discusses  design  choices  based  on  a  misidentification 
rate  of  roughly  4.5%  (20:1  rejection).  Again,  this  is  not  a 
challenge  for  test  beam  instrumentation  designed  to 
accommodate  the  more  demanding  requirements  of  the  collider 
detectors. 

Calorimetry 

The  SFT  proposal  calls  for  an  electromagnetic  calorimeter 
with  resolution  a(E)/E  =9%/i/E©2%.  This  resolution  is 


compatible  with  tagging  systems  required  for  the  collider 
detectors. 

C.  Summary  of  Specifications 

A  summary  of  the  test  beam  tagging  system  performance 
as  described  above  is  given  in  Table  1.  The  most  demanding 
of  the  requirements  in  each  category,  i.e.  those  that  drive  the 
desi^  of  the  test  beam  system,  are  indicated  in  boldface  type. 


dX  dP/P  dP/P  Part.  ID 

Exparmlent  (mm)  Pel.  Abs  Rejection 

SDC 

Vertex 

Inner  Tracker 
Fibers 

Straws 

E-Cal 

H-Cal 

Muon 

0.01 

0.01 

0.30 

0.10 

2.00  2.4%  0.4%  1000:1 

6.4%  1.1% 

0.15 

L* 

Inner  Tracker 
Fibers 

Straws 

E-Cal 

H-Cal 

Muon 

0.01 

0.30 

0.10 

0.3%  0.05%  1000:1 

8.0%  1.3% 

0.15 

SFT 

Silicon 

PWC's 

RICH 

E-Cal 

Muon 

0.01 

0.30 

200:1 

1.7%  0.3% 

1.00 

Table  1.  Summary  of  Test  Beam  Tagging  Requirements 


III.  INSTRUMENTATION  PLANNED  TO  MEET  THE 

Specs 

A.  Momentum  Tagging 

As  shown  in  Table  1,  momentum  tagging  of  the  test 
beams  is  needed  for  calorimeter  calibration  and,  to  a  lesser 
extent,  for  testing  particle  identification  devices.  The  suictest 
requirement  is  for  the  L*  BaF2  electromagnetic  calorimeter: 
Ap^  S  0.3%  absolute,  ^.05%  particle-to-particle. 

Momentum  tagging  will  be  done  by  placing  sets  of  tracking 
chambers  in  the  beamline  that  measure  the  bend  in  the  particle 
trajectories  as  they  pass  through  a  magnet.  Thus  four  detectors 
are  required:  two  before  and  two  after  the  analyzing  magnet. 
Using  the  present  beamline  optics  design  [4]  we  have  an 
analyzing  magnet  which  provides  a  6  milliradian  bend,  and  the 
maximum  chamber  separations  are  L12  <170m,  L34  <  20m. 
Thus  conventional  1mm  pitch  proportional  wire  chambers  at 
all  four  stations  would  provide  absolute  momentum  resolution 
ap/P  ~  0.34%.  The  magnetic  field  must  be  uniform  and 
known  to  better  than  this  precision,  of  course.  Resolution  of 
0.05%  will  be  provided  for- a  subset  of  the  full  beam  by 
placing  100  pm  silicon  strip  detectors  in  locations  near  the 
two  downsueam  wire  chambers. 
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B.  Position  Tagging 


Position  Egging  uf  the  broad  spray  of  muons  can  be 
achieved  using  relatively  large  wire  chambers  near  the  detector 
being  tested.  A  320mm  x  320mm  aperture  drift  chamber  is 
being  developed  for  this  application.  With  a  per-plane 
resolution  of  a^ut  200(im,  stacks  of  a  few  of  these  planes 
will  provide  beam  position  tagging  adequate  for  all  of  the  SSC 
detectors  except  the  Vertex  and  Inner  Tracking  systems.  These 
precision  silicon  strip  or  pixel  detectors  will  require  silicon 
strip  tagging  devices  with  smaller  than  25  pm  pitch  for  their 
calibration. 


C.  Species  Tagging:  elplh 

As  indicated  in  Table  U  test  beam  tagging  elements  must 
be  capable  of  positively  identifying  elecuons  and  muons  at  the 
level  of  1000:1  in  the  beam  delivered  to  the  calibration  hall. 
Thus,  for  example,  if  the  beam  contains  10%  unwanted 
particles  the  tagging  system  must  work  at  the  100:1  level. 
Figure  1  shows  the  ranges  of  momenta  over  which  two 
species  of  particles  can  be  separated  at  this  level  or  better  by 
various  techniques  using  ^e  beamline  tagging  devices 
described  below. 


mam  Transition  Radiation  Detector 

mmm  Threshold  Cerenkov  Counter 

W//  Time-of-Flight  Counter 
mmm  Synchrouon  Radiation  Detector 


CfK 

m 

KJp 


I  Mllll 


1  10  100  1000 
Momentum  (GeV/c) 


Figure  1.  Useable  momentum  range  of  various 
particle  identification  techniques  given  limits  on 
length  (20m)  and  diameter  (500mm)  of  detector. 


choice.  The  design  requires  about  20m  of  parallel  beam  for 
each  of  two  independent  counters  to  achieve  an  efficiency  of 
90%  or  better  for  tagging  the  lighter  particles. 

The  Transition  Radiation  Detector  being  considered  for  use 
in  SSC  test  beams  is  based  upon  a  device  developed  at 
Fermilab  for  a  hadron  beam  fixed  target  experiment  [5].  This 
is  a  modular  device  consisting  of  sets  of  radiator  /  detector 
assemblies;  The  discriminating  power  of  the  TRD  can  be 
adjusted,  and  the  expense  of  the  installation  varied,  by  adding 
fewer  or  more  modules  to  the  system.  The  advantage  of  the 
TRD  over  Cerenkov  counters  or  Synchrotron  Radiation 
Detectors  at  those  momenta  where  more  than  one  technique 
applies  is  that  it  makes  very  few  demands  on  the  beam  optics 
(b^  does  not  need  to  be  parallel,  for  example),  and  it  requires 
relatively  little  real  estate  in  the  byline. 


IV.  IMPLEMENTATION 

Figure  2  shows  a  schematic  diagram  of  the  instrumentation 
in  the  secondary  branch  of  a  testbeam.  The  first  magnet 
sweeps  the  spray  of  secondaries  from  the  primary  target  across 
the  momentum  slit  placed  in  front  of  the  second  magnet. 
Between  the  second  and  third  bends  arc  shown  wire  chambers,  a 
Cerenkov  counter,  and  a  TRD.  Following  the  last  bend  and 
before  the  final  focus  quadrupoles  are  a  second  Cerenkov, 
silicon  strip  detectors,  and  the  SRD.  In  practice,  of  course,  it 
may  not  be  necessary  to  install  all  of  these  tagging  elements 
in  every  beamline. 


V.  REFERENCES 


To  identify  the  electrons  in  the  presence  of  heavier  particles 
at  energies  above  about  20  GeV  one  can  employ  a  Synchrotron 
Radiation  Detector  (SRD).  Installation  of  this  type  of  device 
requires  observation  of  the  photons  produced  when  the 
electrons  pass  through  a  bend  in  the  bcamline.  As  long  as  the 
size  of  the  bend  and  the  clear  drift  distance  downstream  of  it 
allow  placement  of  the  photon  detector  outside  of  the  beam 
halo  titis  technique  will  work. 

For  simple  discrimination  between  particles  heavier  or 
lighter  than  a  chosen  mass  a  long  gas  filled  pipe  with  a  single 
mirror  and  phototube  at  the  downstream  end  is  an  economical 
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^stract 

Beam  prbits'  in  the  SLG  are  monitored  in  real  time  and 
the  data  is^stored  for  future  trend  and  correlation  analy¬ 
sis.  A  background  process  acquires  Beam.Position  Monitor 
(BPM)  and  Toroid  data  oii  a  periodic  basis  and  saves  the 
general  quantities  such  as  orbit  RMS  and  beam  intensity 
in  addition  to.the  ihdividuapreadings.  Some  of  this  data 
is  archived  by  the  SLC  History  Buffer  facility  and  the  rest 
is  saved  in  files  for  later  analysis,  This  has  permitted  the 
tracing  of  interaction  point  instabilities  to  specific  devices 
as  far  away  as  the  damping  rings.  In  addition,  the  data 
is  displayed  for  the  operators  both  in  summary  and  in  full 
form.  The  different  displays  can  be  configured  from  the 
control  consoles. 

Introduction 

During  operation  of  the  SLC,  orbit  stability  is  essential 
to  maintaining  low  emittance  beams  and  providing  pulse 
to  pulse  reproducibility  at  the  interaction  point.  In  addi¬ 
tion,  long  term  histories  of  beam  orbits  have  been  useful 
in  identifying  device  drifts  and  instabilities.  Software  has 
been  developed  that  permits  both  realtime  and  offline  con¬ 
tinuous  monitoring  and  analysis  of  the  beam  orbits  in  all 
parts  of  the  machine.  Several  separate  software  modules 
used  for  logging  and  display  have  been  incorporated  into 
a  unified  orbit  monitoring  application[l]. 

Software  Organization 

The  main  program,  BPM  Sampler,  is  one  of  a  set  of  batch 
processes  which  support  updating  summary  displays  in  the 
SLC  control  room.  The  BPM  Sampler  generates  orbit  dis¬ 
plays  while  other  processes  display  summaries  of  general 
machine  status,  machine  and  personnel  protection  systems, 
and  klystron  population.  History  displays  of  beam  inten¬ 
sity  and  luminosity  are  also  available.  All  processes  have 
the  same  skeleton  which  supports  regularly  scheduled  mon¬ 
itoring  and  displays  and  responds  to  commands  from  the 
consoles  or  other  SLC  programs.  These  commands  select 
which  display  will  be  presented  on  a  particular  monitor  and 
specify  the  refresh  time  and  other  parameters.  Any  dis¬ 
play  may  be  selected  on  any  of  the  tea  monitors  currently 
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Figure  1:  General  Data  Flow 

available  in  the  control  room.  These  are  either  RGB  mon¬ 
itors  driven  from  a  Matrox  board  in  the  control  console 
microcomputers,  or  DEC*  VT1300  X  Window  terminals 
connected  via  Ethernet.  Figure  1  shows  the  general  data 
flow  between  these  components. 

In  addition  to  the  orbit  displays,  the  BPM  Sampler  per¬ 
forms  routine  logging  of  beam  orbits  and  intensities  to  the 
online  SLC  database  or  to  disk  files  for  later  analysis.  For 
specified  regions  of  the  machine,  it  also  calculates  and  logs 
both  the  RMS  of  the  absolute  orbit  and  the  RMS  of  the 
difference  orbit  with  respect  to  a  previously  saved  refer¬ 
ence  orbit.  This  reference  or  Gold  orbit  is  usually  an  orbit 
which  is  known  to  minimize  tails  or  transmission  losses. 
The  BPM  Sampler  also  supports  user  requests  for  special 
purpose  orbit  acquisitions  to  disk  file.  These  acquisitions 
are  specified  from  the  console  and  typically  accumulate  a 
few  hundred  orbits  over  a  short  duration. 


Displays 

The  primary  SLC  orbit  displays  show  the  beam  position 
and  intensity  as  a  function  of  location  along  the  beam  line. 
For  the  summary  display  monitors,  the  user  may  select  to 
view  any  of  the  electron  or  positron  bunches  in  predeter¬ 
mined  ranges  of  the  machine,  as  shown  in  Figure  2.  The 

*  DEC  is  a  registered  trademark  of  Digital  Equipment  Corporation 
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Figure  2:  Typical  BPM  Sampler  Display 


Figure  4:  Orbit  RMS  History  Buffer  Display 


positions  may  be  displayed  either  as  absolute  orbits,  or  as 
differences  with  respect  to  the  Gold  reference  orbit. 

A  separate  display  process,  the  SLC  Orbit  process,  uses 
data  calculated  and  logged  by  the  BPM  Sampler  to  present 
a  summary  of  the  whole  machine,  see  Figure  3.  The  SLC 
Orbit  Display  summarizes  the  RMS  values  of  the  beam 
orbits  calculated  by  the  BPM  Sampler.  The  RMS  of  the 
orbit  with  respect  to  the  Gold  reference  orbit  is  displayed  in 
numeric  as  well  as  bar  graph  format.  The  bar  graph  allows 
the  operators  to  check  at  a  glance  whether  the  current 
orbit  deviates  significantly  from  the  specified  Gold  orbit. 
At  any  particular  time  the  SLC  Orbit  Display  shows  one 
particle  beam’s  difference  orbit  RMS  values  for  a  section 
of  the  machine.  At  intervals  of  few  seconds  the  display  is 
updated  with  RMS  information  for  a  different  beam  and 
region. 
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Figure  3:  SLC  Orbit  Display 


Data  Logging 

Data  acquired  by  the  BPM  Sampler  is  logged  by  two  dif¬ 
ferent  mel';;pds  to  support  both  offline  analysis  and  online 
history  buffers.  When  the  amount  of  data  is  small,  as  for 
Toroid  re?.. tings  of  beam  intensity  or  diagnostic  data  from 
gated  An.'  5g  to  Digital  Converters,  it  is  stored  directly  in 
the  onliivi  SLC  database.  The  overall  RMS  of  the  orbit 
for  sectio»i.i  of  the  machine  is  also  calculated  and  logged  to 
the  datab;  se.  This  data  is  then  periodically  archived  by 
the  SLC  ’“llstory  Buffer  [2]  software  which  provides  both 
recent  and  long  term  data  for  display  from  the  consoles,  as 
in  Figure  4. 

For  the  l...rger  quantities  of  data  required  for  the  actual 
orbits,  the  Uita  is  written  out  to  disk  files  in  raw  format, 
and  later  con  rerted  to  Matlab  formats©  it  can  be  analyzed 
offline. 

Control 

There  are  three  separate  paths  used  to  control  the  acqui¬ 
sitions  and  displays  of  the  BPM  Sampler.  The  displays 
are  controlled  interactively  from  the  SLC  Control  Program 
(SCP)  through  a  general  interface  which  supports  all  of 
the  background  display  processes.  The  periodic  data  ac¬ 
quisition  and  logging  is  specified  in  control  files.  Special 
purpose  user  acquisitions  are  requested  interactively  from 
the  console. 

Display  Control 

The  monitors  of  the  Updating  Display  system  are  not  ded¬ 
icated  to  a  single  type  of  display,  but  rather  are  shared 
with  the  other  related  display  processes.  From  the  con- 
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sole,  a  user  is-prpvided  with  a  common  interface  to  select 
any  of  .the  displays  for  a  particular  monitor,  orto  modify 
the  refresh  fate  or  other  parameters.  When  a  display  on  a 
monitor  is  changed,  the  SCP  is  responsible  for  notifying  all 
relevant. proce^es  via  mailbox  communication  links.  The 
online  SLC  database  is  shared  by  the  consoles  and  display 
processes  and  cpntains  the  information  necessary  to  define 
the  monitors  and  displays.  The  display  processes  allow  the 
same  display  to  be  selected  pn  any  number  of  monitors. 

Acquisition  and  Logging  Control 

The  periodic  acquisition  and  logging  of  data  is  controlled 
via  a  text  control  file.;  This  file  specifies  whether  the  orbit 
for  a  particular  section  of  the  machine  should  be  logged 
to  disk  along  with  selected  values  from  the  SLC  database. 
It  also  specifies  whetlier  beam  intensities  from  toroids  or 
other  beam-related  diagnostic  devices  should  be  logged  to 
the  database,  and  whether  orbit  RMS  should  be  calculated 
and  logged  for  sections  of  the  machine.  The  file  is  parsed 
UOTg  the  DEC  Command  Language  Interface  (CLI)  utili¬ 
ties  which  provide  a  syntax  familiar  to  users  of  the  system. 
A  separate  initialization  process  reads  the  text  file  that  de¬ 
scribes  the  data  and  pertinent  acquisition  parameters  and 
sends  the  information  as  mailbox  requests  to  the  BPM 
Sampler. 

Special  User  Acquisition  Control 

Since  the  periodic  acquisitions  are  scheduled  to  update 
rather  infrequently,  the  BPM  Sampler  also  supports  user 
requests  for  special  acquisitions  at  a  high  data  rate  for  a 
limited  period  of  time.  This  functionality  was  originally 
provided  by  a  separate  program  which  could  not  be  con¬ 
trolled  from  the  consoles.  To  aid  in  further  analysis,  auxil¬ 
iary  information  from  the  SLC  database  may  be  collected 
synchronously  with  the  orbit  data  and  also  logged.  All  of 
the  resulting  data  files  are  formatted  for  later  processing 
by  Matlab. 

Applications 

The  BPM  Sampler  together  with  the  online  SLC  History 
Buffers  provides  the  capability  to  correlate  orbit  and  in¬ 
tensity  fluctuations  with  data  from  other  devices  or  diag¬ 
nostics  throughout  the  SLC.  Using  the  data  that  has  been 
logged  to  disk  files,  it  is  possible  to  track  a  single  pulse 
(where  BPM  multiplexing  permits)  through  most  of  the 
machine.  This  has  been  used  successfully  to  trace  instabil¬ 
ities  at  the  IP  to  their  origin  at  the  Damping  Ring  kickers, 
as  shown  in  Figure  5. 

Conclusions 

The  updated  and  gcnorall*-  d  BPM  Sampler  software  has 
provided  a  variety  of  extremely  useful  tools  for  the  analysis 
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Figure  5:  Correlation  between  kicker  and  IP 

of  the  performance  of  the  SLC.  History  buffers  provide  cor¬ 
relations  of  beam  orbits  and  intensities  with  diurnal  drifts 
or  device  variations.  Synchronous  orbit  data  has  been  an¬ 
alyzed  to  identify  and  correct  sources  of  jitter  throughout 
the  machine.  In  addition,  the  current  implementation  has 
greatly  improved  the  user  interface  for  controlling  acquisi¬ 
tions  and  fecilitated  the  support  of  new  summary  displays 
to  present  the  orbit  information  clearly  and  concisely  to 
the  operators  of  the  SLC. 
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liie  traditional  manual  txinihg  of  the  beam 
transfer  lines  becomes  inefficient  with  the 
increasing  of  both  the  beamlinea  length  and 
the  number  of  the  magnets. That's  why  computer 
contro^ed  beamlines  are  widely  used  now 
[1-3]  .The  set  of  programs  is  presented, which 
can  be  used  for  beamline  automatic  control. 

1. Mathematical  Formulation  of  the  Problem 

Let  be  the  transfer  matrix  between 
the  monitors  M^^  emd  and  be  the 
influence  of  the  correctors  on  the  beam, which 
are  located  between  these  monitors. If  is 
the  beam  state  vector  on  the  1  monitor, which 
is  consisted  of  r  and  z  coordinates  and 
of  their  derivatives .then  one  will  have 

(1) 

where  is  the  vector  which  includes  the 
streftgth  of  the  correctors  and  n  is  the 
number  of  the  monitors. 

Usually  we  get  the  coordinates  r  and 
z  with  some  errors  from  the  monitors. The 
observation  vector  on  the  i  monitor  wll]^  be 

ZJ^=I!J^X^^VJ,  i=0,l . .  (2) 

whore  is  the  matrix  for  separation  of 
the  coordinates  from  the  state  vector, is 
the  measurement  errors. 

Let's  discuss  sooto  versions  of  the 
mathematical  formulation  of  the  beamline 
optimal  control  versus  the  sequence  of 
observation  and  control. 

1.  It  is  assumed  that  after  sequential 
measurements  of  beam  coordinates  , 
i=0,l,...n  we  need  to  calculate  the  control 
vector  take  the  result  of 
minimizing 

j=l/2||».||%  1/2EM|»||q  .  IIU^IIrI  (3) 

with  the  constraints  (1),(2)  as  a  criterion 
of  optimal  Uj^.we  shall  have  a  well  known 
problem  of  optimal  regulator  [4],  where  S,Q 
and  R  are  weighting  matrices.  Here 

2  T 

I  l^'^l  Ig  =  ^k^\'  control  will  be 


where  the  matrix  Lj^  is  a  result  of 
Ricatti  equation  solved  backward  in  time 

-1  T  -1  -IT  -1 

P^=Q  +  A][(P;;il  +  B^R  V>  V 

where  P  =S  and  k  is  changed  from  n-1  to  0. 
n 

Xj^  is  the  estimate  of  the  state  vector  formed 
by  tlie  Kalman  filter  [4] 

_j+l  _d  T  T  -1  -j  ,  ^ 

_o 

where  X|^  is  the  initial  guess  of  Xj^  state 
vector  and  if  more  information  is  available 
it  can  be  the  mean  value  of  X|^,  R  is  the 
noise  covariance  matrix  of  Xj^,  it  shows  the 
\tnoertainty  of  the  initial  guess  and 
during  the  iteration  procedure  its 

diagonal  components  are  decreasing, 

because  the  increase  of  available 

information  reduces  the  parameter 
uncertainty. In  this  algorithm  if  the  aprior 
information  is  not  sufficient  to  get  the 
Kalman  estimation  i.e.  the  matrices 
and  the  mean  value  of  Xj^  are  not  known, 
then  one  con  use  the  sequential  least  square 
estimation  or  optimal  estimation  of 

_0 

maximal  likelihood  estimator  (Xjj=0  end  Pq**®)* 
It  is  important  that  the  calculations 
structure  is  the  same  for  all  cases.  These 
algorithms  are  attractive,  because  they  are 
efficient  in  the  case  that  there  are  unknown 
parameters  in  matrix  A^. 

2. From  the  measurements  of  on  the 

all  monitors  one  can  estimate  state  vector 
Xq  and  after  that  calculate  the  optimal 
control 

The  estimation  of  Xq  one  can  do  with 
the  Kalman  filter  and  the  control  can  be 
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calculated  by  the-  (.4), where  the  sequence  of 


(7) 


cem  be  used  as 
3i;It  is  easy  tc  get 

X=AXq+^, 

HX=HAXq+HBU 


(8) 

(9) 


from  (1), (2), where 


X=[Xj^,X2,,;.i 


. 

Z=tZrZ2*”-*V’^’ 

V=[Vi.V2....,-v/. 

The  aim  of  optimal  control  is  to 
1  |HX|  O.If  IIHXII  S  O.then 

HAXq=-HBU,  Z=HAXq+V, 


have 


Z=-HBU+V  (10) 

If  we  consider  (10)  as  linear  model  of 
observation  of  Z^  moaaurements,the  optimal 
estimation  of  U  can  be  realized  with  the 
sequential  Kalman  estimator. 

We  consider, that  the  least  approach  of 
cpbinal  control  formation  must  be  most 
efficient  practically  in  spite  of  its 

huuriutlcal  form.bccauso  it  is  simple  in 
calculation  and  the  aprior  information  about 
n  matrix  cun  bo  oasily  improved 
cxx>ori mental ly  by  the  simple  calculation. 


2.n»e  Structure  of  the  Prograni 

A  set  of  programn  is  written  for  the 
inv(n)tigation  of  the  estimation  and  control 
algor itlima. The  i»rogramn  eonsist  of  several 
modules,  each  of  them  can  be  oi>crated 
neiKiralely  in  real  time  scale. 

The  "TRANSPORT"  [5]  formalism  is 
used  here.  The  structure  of  the  beamline  is 
the  input  file  of  the  program. It  can  include 
bending  magjiets,  quadrupolea,  synchroytron 
magnets,  correotora.  The  tilts  of  the 

elements  are  given  by  the  rotation  matrix, The 
corrector  is  assumed  to  be  an  clement  which 
gives  a  kick  in  the  middle. 

It  is  possible  to  simulate  the 

disturbances  of  the  elements  by  vertical  and 


horizontal  kicks  in  the  middle  of  each 
element, The  program  consists  of  following 
modules: 

-•  the-  module  of  beam  trajectory 
simulation; 

-  estimation  of  the  beam  parameters 
X,  X*.Z  ,z’,AP/P; 
the  control  module. 

This  modules  can  operate  separately  using  the 
structure  file  of  the  beamlirio.The  control 
modulo  is  consisted'  subroutines  of 

optimization  based  on  the  least  square  method 
(ordinary  and  sequential  )  and  the 
subroutines  for  making  local  corrections. 

3. The  Results  of  Simulations 

The  efficiency  of  the  algorithms  are 
investigated  on  the  electron  beam  transfer 
line  from  PKTRA  to  HERA.  The  beam  lino  is 
about  219  metor  and  is  consisted  of  19 
bonding  nuignets  and  19  quadrupoles.The 
control  system  includos  20  monitors  and  22 
correctors:  12  vertical  and  10  horizontal. 
Almost  all  tho  monitors  and  the  correctors 
are  attached  to  the  quadrupoles.The  tiltes  of 
bending  magnets  and  the  quadrupoles  cause  the 
coupling  of  horizontal  and  vertical  motion 
[6). 

The  process  of  measurement  from  the 
monitor  is  simulated  with  help  of  the  beam 
trajectory  simulation  module  and  random 
number  generation  program. The  normal 
distributed  noise  with  0  mean  value  and 
variance  of  1mm  is  used  (  the  accuracy  of  the 
monitors  is  of  0.5mm  ). 

The  beam  initial  parameters  estimation 
quality  and  efficiency  of  control  algorithms 
at‘c  investigated. 

l.The  beam  parameters  estimation. 

Tlje  sequential  maximal  likelihood  filter  is 
used. The  general  results  of  the  simulation 

are: 

-  the  estimation  convergence  is  not 

sensitive  to  the  initial  elements  of 

covariance  matrix  P,.  if  their  are  chosen  to 
5  5  ^ 

bo  10  10  order  of  magnitude  of  the  Xq 

and  tho  initial  values  of  Xq  are  0; 

-  after  10  iterations  estimated  values 

are  in  the  range  of  tolerable  accuracy. 

The  typical  process  of  parameters 
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X  =0^1iiirad,  Z=iion],  Z  =0.1mrad> 
AP/PiO.^  estimation  versus  the  number  of 
iteration,  are  in  fig. 1-5. 

;2.Ti^e/qptiinar  control  estimation. 

The  .distorted  trajectory  is  the  result  of  not 
'0  Initial  Xq  values  and/or  disturbances  of 
,t^r ’beamline  eleTOnts.The  estimation  is  done 
^by  the  algoritlw  3  without  Xq  estimation 
using,  sequential'  least  square  algorithm 
(naxi'inl  likelihood  ). 

The  results  of  the  simulation  shot^f  that 
after iteration  the  corrected  trajectory  is 
in  the  range  of  tolerable  accuracy. 

The  atypical  results  of  the  control 
algorithm  are,  shown  In  fig. 6, 7. Here  the 
tr^ectories  before  and  after  correction  are 
presented. 
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ABSTRACT 

The  CEBAF  accelerator  control  system  employs  a  dis¬ 
tributed  computer  strategy.  As  part  of  this,  strategy,  the 
,RF  control  sub-system. uses  342  RF  Control  Modules,  one 
for  each  of  four  warm  section  beam  forming  cavities  (t.e., 
choppers,  buncher,  capture)  and  338. superconducting  ac¬ 
celerating  cavities.  Each  control  module  has  its  own  mi¬ 
croprocessor,  which  provides  local  intelligence  to  automat¬ 
ically  control  over  100  parameters,  while  keeping  the  user 
interface  simple.  The  microprocessor  controls  analog  and 
digital  I/O,  including  the  phase  and  gradient  section,  high 
power  amplifier  (HPA),  and  interlocks.  Presently,  the  em¬ 
bedded  code  is  used  to  commission  the  14  RF  control  mod¬ 
ules  in.the  iigector.  This  paper  describes  the  operational 
experience  of  this  complex  real-time  control  system. 

REQUIREMENTS 

There  are  seven  major  requirements  for  the  embedded 
software:  (1)  low  power  RF  control,  (2)  high  power  RF 
control,  (3)  interlocks,  (4)  system  calibration,  (S)  module 
hardware  configuration,  (6)  manual  and  automatic  control, 
and  (7)  diagnostics.  These  requirements  are  desftibed  as 
follows. 

(1)  Low  Power  RF  Control 

The  low  power  RF  control  is  handled  by  hardware  in¬ 
ternal  to  the  RF  control  module.  The  phase  and  gradient 
loops  are  handled  by  this  hardware,  because  of  the  speed 
needed.  The  embedded  software’s  function  is  to  set  up  the 
■operating  point  of  the  hardware.  This  point  can  be  deter¬ 
mined  manually  (externally  by  the  operator  or  high  level 
control  software)  or  automatically  (internally),  or  a  combi¬ 
nation  of  both.  A  manually  controlled  parameter  would  be 
the  gradient  set  point.  An  automatically  controlled  param¬ 
eter  would  be  the  gradient  clamp  voltage,  that  varies  with 
the  gradient  set  point.  Measured  values  are  also  monitored 
and  sent  to  the  higher  level  computer.  The  interface  to  this 
computer  has  been  simplified.  The  transferred  values  are 
in  convenient  units,  rather  than  base  units  or  DAC/ADC 
bit  patterns  {e.g.,  the  RF  module  DACs  and  ADCs  can  be 
changed  without  changing  the  computer  interface). 


Some  of  the  low  power  control  signals  are: 

Phase  a.  phase  set  point 

b.  meuured  phase 

c.  phase  locking  phase  offset 

d.  detector  error 

e.  amplifier  gains  and  frequency  response 

f.  modulator  bias 

g.  reference  oscillator  power 

h.  open/closed  loop  switch 

i.  detuning  angle  of  the  cavity 
Gradient  a.  gradient  set  point 

b.  measured  gradient 

c.  clamp  modulator  drive 

d.  detector  error 

e.  amplifier  gains  and  frequency 

f.  offset  drive 

g.  quench  detector 

h.  open/closed  loop  switch 
Output  a.  RF  attenuator 

b.  output  switch 

(2)  High  Power  RF  Control 

The  high  power  RF  is  handled  by  both  the  HPA  hard¬ 
ware  and  the  RF  module  hardware.  The  filament  and  high 
voltage  switches  and  some  fault  flags  (bits)  are  handled  by 
the  HPA  hardware  and  are  set  and  measured  by  the  up¬ 
per  level  computer.  The  RF  module  handles  the  following 
HPA  signals; 

a.  filament  voltage  set  point 

b.  filament  measured  voltage 

c.  cathode  current 

d.  body  current  (klystron) 

e.  mod  anode  voltage  set  point 

f.  mod  anode  measured  voltage 

g.  forward  and  reflected  power  monitor 

h.  HV  series  relay  to  disable  HV 

fSj  Interlocks 

Interlocks  are  needed  to  keep  the  hardware  in  a  safe 
condition.  Some  interlocks  are  handled  in  the  hardware. 
The  rest  are  handled  by  software,  and  are  split  into  two 
groups:  fast  and  slow  response.  Fast  means  within  150 
fisee,  and  slow  is  measured  in  seconds.  Detecting  an  inter¬ 
lock  fault  ranges  from  simply  checking  a  hardware  bit  to 
checking  a  function  of  one  or  more  analog  signals.  After 
an  interlock  fault  is  found,  there  can  be  various  actions  to 
take:  (1)  turn  off  RF,  (2)  turn  off  high  voltage,  (3)  turn 
off  filaments,  or  (4)  a  combination  of  these  but  wait  at 
each  stage  to  see  if  the  fault  goes  away.  In  addition,  some 
interlocks  need  the  fast  shutdown  line  pulled. 


•Supported  by  D.0.1*.  contract  #DB-AC05-84ER40150 
0-7803-0135-8/91S01.00  ©IEEE 
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Some  bf  the.sign^s  to  check  for  interlock  faults  are: 

a.  excessive  reflected  power 

b.  excessive  cathode  current 

c.  Mcessive  body  current 

d.  arc  detector  trip 

e.  watch  dog  to  verify  computer  activity 
(^)  Coloration  Correction 

There  are  two  types  of  calibrations  that  affect  the  RF 
control  module;  (1)  hardware  variations  internal  to  the 
module  and  (2)  external  hardware  variations.  The  calibra¬ 
tion  coefficients  are  to  be  stored  in  the  module’s  memory. 
This  allows  the  internal  coefficients  to  move  with  the  mod¬ 
ule  .(e.y,,  from  warehouse  to  accelerator).  When  a  module 
is  moved  to  a  new  location  in  the  accelerator,  only  the 
external  coefficients  need  to  be  transferred  to  the  mod¬ 
ule.  Some  coefficients  are  fixed,  while  others  depend  on 
temperature.  The  use  of  calibration  correction  impUes  the 
following:  (1)  a  means  to  determine  these  coefficients,  (2) 
a  means  to  transfer  these  coefficients,  and  (3)  a  real-time 
method  to  use  these  coefficients  efficiently. 

External  coefficients  can  be  handled  by  typical  mea¬ 
surement  techniques  (e.jf.,  measure  the  cable  attenuation). 
For  the  internal  coefficients,  a  test-stand  is  needed  to  ex¬ 
ercise  the  RF  module.  This  requires  that  the  embedded 
software  assist  in  this  operation,  which  implies  the  follow¬ 
ing,  changes.  from  the  normal  accelerator  mode  of  opera¬ 
tion.  (1)  Allow  direct  access  to  the  DACs  and  ADCs  (e.^., 
phase  set  X  Y  rather  than  simply  the  angle),  (2)  the 
interface  values  are  voltages  rather  than  usual  units  (e.^., 
watts,  amps,  etc.),  and  (3)  do  not  modify  (t.e.,  correct) 
these  voltages. 

These  coefficients  are  transferred  to  the  module  via  a 
download  mechanism.  This  includes  standard  error  check¬ 
ing.  In  addition,  it  would  be  helpful  to  have  an  upload  fea¬ 
ture  to  see  if  the  downloaded  values  were  loaded  properly. 
As  part  of  the  total  picture,  other  features  are  needed:  (1) 
transfer  coefficients  from  the  test-stand  to  some  database 
such  as  INGRES  as  a  backup,  (2)  create  download  flies 
from  INGRES,  and  (3)  create  any  version  of  download  file 
{e.g.,  present  values  or  last  month’s). 

To  efficiently  use  these  coefficients,  the  algorithms 
should  do  as  much  pre-computation  as  possible,  so  that 
the  normal  run.  time  computations  are  as  small  as  pos¬ 
sible.  This  is  es^kially  important  when  the  coefficients 
depend  on  very  slow  changing  signals  such  as  tempera¬ 
tures.  When  the  temperature  changes  enough  to  make  a 
difference,  then  a  mechanism  is  needed  to  execute  the  pre- 
computation  procedure  during  run  time  while  affecting  the 
normal  operations  as  little  as  possible. 

(5)  Modide  Configuration 

It  is  desirable  to  have  only  one  version  of  the  embed¬ 
ded  software  for  all  applications.  There  ate  six  applica¬ 
tions: 

a.  chopper  section 

b.  buncher  section 

c.  capture  section 


d.  quarter  cryo  section 

e.  full  cryo  section 

f.  test  stand 

(6)  Manual  and  Automatic  Control 

As  mentioned  above,  in  normal  operation  most  signals 
are  under  automatic  control.  This  is  desired  so  as  to  sim¬ 
plify  the  interface  to  the  upper  computer  (».e.,  distributed 
control  strategy).  However,  during  development  or  debug 
operation,  a  manual  mode  of  operation  is  needed.  This 
manual  modr  is  not  simply  full  manual  mode  for  all  sig¬ 
nals;  that  w  ,4-  .iuse  most  debugging  to  be  too  complex. 
So,  various  s>..,  .  '  of  manual  operation  are  needed  (i.e., 
allow  varyh  't  .ntages  of  signals  to  be  under  manual 
control,  while  the  rest  are  automatic).  The  switch  between 
automatic  and  manual  modes  must  be  “smooth”  so  that 
no  glitches  are  introduced  into  the  hardware. 

(7)  Diagnoitict 

There  are  two  types  of  diagnostics;  active  all  the  time 
and  active  on  command.  The  first  type  is  basically  a  dis¬ 
play  of  all  important  software  control  words  (bit  flags). 
The  second  type  can  be  activated  through  normal  data 
flow  channels  or  via  a  secondary  path  (such  as  a  RS232 
port).  As  part  of  this  second  type,  a  specialised  “peek  & 
poke”  could  be  used  to  access  all  major  signids  and  control 
variables. 

IMPLEMENTATION 

The  total  RF  control  system  consists  of  three  supervi¬ 
sor  computers  (HP83Ss),  one  each  for  the  iqjector,  North 
Linac,  and  South  Linac.  These  computers  are  used  mainly 
for  display  purposes  in  the  control  room.  However,  they 
do  contain  some  logic  that  is  global  to  that  one  subsys¬ 
tem.  Under  these  three  computers  are  the  locals,  which 
reside  in  the  servi'.:  buildings.  Next  come  the  RF  module 
microprocessors. 

Injector:  1  supervisor,  5  locals  (only  2  for  RF), 

22  microprocessors. 

North  Linac:  1  supervisor,  10  locals,  160  microprocessors 
South  Linac:  1  supervisor,  10  locals,  160  microprocessors 

Supervisor  to  supervisor  communication  and  super¬ 
visor  to  local  communication  is  via  LANs.  The  local  to 
microprocessor  communication  is  via  CAMAC.  The  local 
can  also  communicate  with  other  CAMAC  devices,  rang¬ 
ing  from  simple  DACs/ADCs/switches  to  more  complex 
devices  (e.^.,  cavity  tuner  motors). 

The  local  to  microprocessor  path  consists  of  32  in¬ 
put  channels  and  32  output  channels  for  normal  communi¬ 
cation  and  various  other  specialised  CAMAC  commands. 
Even  with  this  number,  the  outputs  from  the  RF  module 
have  to  be  multiplexed  because  more  than  32  channels  were 
needed.  For  critical  signals,  error  detection  is  employed. 

The  software  structure  is  based  on  a  state  machine. 
There  are  seven  basic  states:  null,  test-stand,  download, 
idle,  filament,  high-voltage,  and  RF-on.  Depending  on  the 
state,  the  various  signal  algorithms  perform  specific  actions 
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puticular  to  that  state.  The  signal  algoiithms  are  also  al¬ 
lowed,  to  request  a  change  to  a  lower  state  (e.g.,  when  an 
interlock  fault  condition  is  discovered).  This  allows  more 
modular- construction,  since  one  signal  can  only  affect  a 
major  change  in  another  signal  via  a  state  change.  For 
example,  if  the  reflected  RF  power  is  too  high,  the  state 
is  changed  from  RF-on  to  HV;  then  the  RF  output  switch 
is  opened  because  the  the  RF-on  state  is  no  longer  active. 
Minor  changes  are  allowed  by  passing  the  output  of  one 
signal  routine  to  the  input  of  another  routine.  For  ex¬ 
ample,  the  cable  temperature  sensor  routine  measures  the 
temperature,  and  the  other  routines  can  use  this  as  input 
to  modify  their  calibration  coefficients. 

There  is  very  little  overlap  of  responsibilities  between 
the  local  computer  and  the  RF  microprocessor.  If  the  mi¬ 
croprocessor  has  primary  responsibility  for  a  particular  sig¬ 
nal,  it  handles  all  aspects:  reading  the  signal  from  hard¬ 
ware  or  CAMAC,  calibration  correction,  fault  and  inter¬ 
lock  detection,  outputting  the  signal  to  CAMAC  or  hard¬ 
ware,  and  outputting  the  fault  flag.  The  local  computet 
will  display  the  signal  and  fault  flag,  usually  without  sec¬ 
ondary  processing.  In  other  words,  the  microprocessor  will 
do  M  much  as  it  can,  from  signal  processing  to  fault  de¬ 
tection. 

OPERATIONAL  EXPERIENCE 

The  RF  module  embedded  software  is  written  in  the 
C  language,  except  for  the  boot  code  which  is  in  assem¬ 
bly  language.  The  early  development  was  done  on  one  of 
the  supervisor  computers  in  a  UNIX  environment  (HP835 
computet).  An  in-house  CAMAC  interface  emulation  set 
of  routines  was  used  to  join  the  local  computet  TACL  (ac¬ 
celerator  computer  control  system)  logic  with  the  RF  mod¬ 
ule  logic,  while  tunning  both  logics  on  the  one  HP835  com¬ 
puter.  This  allowed  us  to  test  both  logics  with  very  little 
(or  no)  change  to  either  in  this  emulation  environment. 
Two  screens  were  used,  one  for  the  normal  TACL  display 
and  the  other  for  the  RF  module  debug  print  statements. 
At  this  stage  we  were  able  to  catch  most  logic  errors. 

The  next  stage  was  to  port  the  embedded  code  to  the 
target  microprocessor  (INTEL  80186).  The  INTEL  devel¬ 
opment  station  was  used  to  debug  the  hardware  dependent 
features.  There  were  not  that  many  errors  at  this  stage. 

The  final  development  stage  was  to  transfer  the  code 
to  the  EPROMs  and  run  the  module  with  no  develop¬ 
ment  station  emulator.  This  procedure  went  well.  The 
C  language  code  ported  well.  The  following  problems  wgie 
noted,  but  they  were  generally  minor. 


a.  HP  and  INTEL  compilers  have  some  minor  diffiet- 
ences.  The  INTEL  compiler  tended  to  be  more  strict 
in  its  checks,  probably  because  it  is  one  of  the  newer 
ANSI  standard  versions. 

b.  Some  differences  were  also  due  to  the  different  archi¬ 
tectures  of  the  processors.  The  INTEL  80186  uses  a 
segmented  memory. 

For  small  changes  to  the  code,  we  generally  skip  the 
UNIX  emulation  stage.  But  for  new  and  complex  features, 
we  start  development  on  the  UNIX  system. 

The  complexity  of  the  software  interface  to  the  hard¬ 
ware  is  reduced  by  special  hardware  features.  Instead  of 
the  software  triggering  an  ADC  and  waiting  for  the  value, 
the  hardware  contains  a  sequencer  to  trigger  and  read  all 
ADCs  and  put  the  values  into  mapped  memory.  The  soft¬ 
ware  simply  reads  that  memory  when  it  needs  it.  The  CA¬ 
MAC  input/output  is  also  memory  mapped.  This  ADC 
sequencer  can  also  be  set  up  to  sample  one  particular  sig¬ 
nal  at  a  software  selected  sampling  rate  and  number  of 
samples,  and  the  hardware  maps  these  sampled  values  to 
an  array  in  memory.  The  software  only  needs  to  operate 
on  this  array  (e.^.,  digital  signal  processing). 

The  time  to  process  one  logic  cycle  in  the  RF  module 
is  about  33  msec  (30  IIs).  This  time  is  for  an  RF  module 
that  uses  the  math  coprocessor.  With  no  coprocessor,  the 
time  increases  to  about  500  msec. 

The  time  to  process  the  major  part  of  a  fast  shut  dv  ' 
interrupt  ranges  from  50  to  70  /isec. 

CONCLUSION 

The  RF  module  software  design  followed  object  ori¬ 
ented  design  guidelines.  However,  the  implementation 
used  the  standard  C  language.  Code  check  out  went  quite 
well,  and  most  new  features  have  fitted  well  into  the  basic 
structure. 

Our  in-house  UNIX  emulation  of  the  interface  between 
the  TACL  computer  and  the  RF  module  microprocessor 
aided  greatly  with  early  design  and  implementation.  We 
could  use  the  same  UNIX  tools  that  we  used  to  develop 
the  TACL  system. 

The  INTEL  development  system  (with  microprocessor 
emulator)  Was  a  necessity  when  it  came  to  finding  and 
jjlxing  harciware/software  errors. 

The  RF  module  software  performs  well  in  reducing  the 
computation  burden  of  the  local  computers  and  in  modu¬ 
larizing  the  RF  control  system. 
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Abstract 

The  hew  applic&tion  program  which  is  used  to 
control  the  closed  orbit  in  the  Tevatron  is  described. 
Unique  features  include  the  ability  to  acquire  closed 
orbits  at  all  energies  on  one  ramp  and  provide  dipole 
settings  which  smooth  the  orbit  and  are  continuous 
u  a  function  of  energy.  The  program  is  also  used 
to  correct  for  -the  orbit  distortions  caused  by  the 
placement  errors  of  the  low  P  quadrupoles  as  the 
transition  is  made  from  the  injection  optics  to  the 
low  P"  optics,. 

I.  INTRODUCTION 

The  Tevatron  upgrade  program  includes  new 
features  which  require  a  more  sophisticated  program 
to  control  the  closed  orbit  [l].  Electrostatic 
separators  are  used  to  provide  separate  orbits  for  the 
proton  and  antiproton  learns  and  two  new  low  beta 
insertions  replace  the  single  simple  one.  In  addition, 
each  of  the  new  insertions  has  more  quadrupoles 
which  generate  closed  orbit  distortions  as  the 
insertion  is  changed  from  the  injection  to  the  low 
beta  optics.  The  two  insertions  may  be  erergised 
individually  or  together,  leading  to  a  large  number  of 
possible  intermediate  steps  and  corresponding  lattice 
solutions. 

Past  experience  has  also  shown  that  the  older 
programs[2]  need  to  be  made  more  flexible  and  able 
to  do  required  manipulations  with  a  minimum  of 
dedicated  control  room  activity.  Experience  has  also 
shown  that  most  problems  with  an  orbit  control 
program  occur  due  to  hardware  problems.  After  a 
maintenance  and  development  period,  it  is  not 
uncommon  to  find  beam  position  monitor  polarities 
reversed  due  to  cable  interchanges.  Other  problems 
have  included  function  generator  and  power  supply 
failures.  It  has  been  convenient,  even  necessary,  to 
include  features  in  the  Tevatron  Orbit  Program 
(TOP)  to  allow  easy  verification  of  the  correction 
dipoles  and  the  beam  position  monitor  system. 

At  the  same  time,  a  new  generation  of  control 
consoles  has  made  more  complex  programs  much 
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easier  to  create  [3].  The  older  method  of  generating 
lattice  functions  by  using  TEVLAT  or  SYNCH  offline 
to  provide  many  files  of  possible  lattice  configurations 
has  been,  made  obsolete. 


II.  OBTAINING  A  SMOOTHED  ORBIT 

TOP  can  calculate  closed  orbit  corrections  using 
either  a  standard  three  bump  algorithm  or  a  matrix 
inversion  algorithm  (  X  algorithm  ).  Momentum 
corrections  are  optional  in  the  calculation.  One  can 
smooth  around  the  entire  ring  or  do  an  individual 
three  bump  or  four  bump  locally.  The  desired 
positions  which  TOP  smooths  to  have  three  control 
bits  per  location  which  are  used  in  the  orbit 
correction  algorithms.  A  position  can  be  speciffed  to 
be  fixed,  or  a  bad  detector  or  corrector  can  be 
masked  from  the  closed  orbit  smoothing.  The  energy 
levels  and  the  tune  values  are  also  be  specified  by 
the  user. 


III.  ONE  RAMP  SMOOTHING  CAPABILITY 

A  main  advantage  of  TOP  is  that  it  is  capable 
of  calculating  a  closed  orbit  at  all  energies  from  a 
single  acceleration  ramp  and  providing  smoothed  orbit 
corrections  to  the  ramp  tables  of  the  magnetic 
correction  elements  for  the  next  ramp.  Orbit  profile 
data  for  108  beam  position  monitors,  BPM’s,  located 
around  the  ring  are  read  at  nine  energy  levels  up 
the  ramp.  A  closed  orbit  correction  is  calculated  at 
each  energy  level.  A  program  display  of  an  orbit  in 
a  Tevatron  collider  store  is  shown  in  Fig.  1.  After 
calculating  new  settings  for  the  correction  Dipole 
Function  Generators,  DFG’s,  the  predicted  orbit  after 
a  TOP  smoothing  is  shown  in  Fig.  2.  The  fact  that 
these  corrections  can  be  applied  simultaneously  gives 
TOP  the  capability  of  placing  continuity  requirements 
on  individual  DFG  settings  as  a  function  of  energy. 
Discontinuities  can  cause  tracking  problems  if  steps 
between  adjacent  energy  slots  exceed  the  slew  rate 
capabilities  of  the  correctors.  By  maintaining 
continuity  of  the  DFG  settings  during  acceleration, 
orbit  distortions  due  to  large  DFG  current  changes 
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beyond  the  slew  rate  limitations  of  the  power 
;  supplies  are  elimina^d. 


Fig.  1 


example,  occurs  over  seventeen  steps,  or  seventeen 
different  low  beta  quad  lattice  configurations.  One 
may  want  to  smooth  the  orbit  at  each  of  these  steps 
during  a  low  beta  parsing  session  (5).  TOP  is  now 
capable  of  smoothing  these  orbits  by  obtaining  lattice 
puameters  in  an  interactive  environment  using  a 
package,  TEVCONFIG,  which  has  recently  been 
added  to  the  Tevatron  software  library.  TOP  has 
the  flexibility  of  obtaining  any  existing  lattice 
configuration  on  a  real>time  basis  or  reading  a  stored 
lattice  file  using  TEVCONFIG. 

The  ability  to  obtain  various  lattice  configurations 
is  especially  useful  for  the  orbit  play  capabilities  of 
TOP.  The  orbit  play  option  allows  DFG  settings, 
lattice  parameters,  orbit  positions  and  tune  values  to 
be  varied  and  the  resultant  changes  displayed. 
Orbits  which  are  on  file  or  the  present  orbit  can  be 
used  as  input  data.  Thu  feature  allows  one  to  view 
effects  without  affecting  accelerator  operation. 


Orbits  in  the.  horiiontal  plane  for  eight  energy 
levels  as  the  beam  is  accelerated  in  the  Tevatron. 
The  horiiontal  axis  is  the  aiimuthal  position  starting 
at  EO.  The  rms  position  for  the  orbits  is  listed  at 
the  right.  The  scale  of  the  plots  is  +/•  Smm. 


If  a  I  t  • 


Fig.  2 


IV.  ORBIT  DISPLAY  FEATURES 

The  user  interface  of  TOP  is  made  up  of  a  set  of 
hierarchical  menus.  A  menu  of  options  is  displayed 
corresponding  to  the  previous  menu  selection.  This 
uds  in  maintaining  a  standard  smoothing  procedure 
which  is  very  useful  m  a  control  room  environment. 

Predicted  and  measured  values  are  displayed 
through  a  standardised  graphics  package.  The 
compare  capabilities  of  TOP  allow  differences  in 
orbits,  DFG  settings  or  DFG  corrections  to  be 
plotted.  A  single  device  feature  allows  one  to  look 
at  DFG  and  BPM  settings  for  all  energy  levels 
before  and  after  a  smooth  at  a  specific  location  in 
the  ring.  A  plot  of  a  typical  single  device  display  is 
shown  in  Fig.  8.  This  allows  the  user  to  easily  view 
the  evolution  of  parameters  through  the  accelerator 
cycle. 


The  predicted  positions  after  a  smooth  up  the 
ramp  of  the  orbits  shown  in  Fig.  1.  The  horiiontal 
axis  is  the  aiimuthal  position  starting  at  EO.  The 
scale  of  the  plots  is  +/•  Smm. 


rv.  Lattice  function  retrieval 

The  two  low  beta  lattice  insertions  of  the 
Tevatron  present  a  problem  to  TOP  in  that  it  must 
be  able  to  calculate  closed  orbits  under  multiple 
lattice  configurations.  The  low  beta  squeeze,  for 
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A  single  device  display  feature  of  TOP.  DFG 
settings,  BPM  profits,  adjusted  BPM  profiles, 
predicted  positions,  DFG  corrections  and  new  DFG 
settings,  all  shown  at  a  specific  location  in  the  ring, 
can  be  plotted. 
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DIAGNOSTIC  TESTS 

One  particularly  useful  test  after  a  shutdown  is  to 
change  the  current  in  one  dipole,  causing  an  orbit 
distortion  which  can  be  compared  to  a  predicted 
change.  A  BPM  with  incorrect  polarity  or  an 
incorrect  calibration  can  easily  be  seen.  To  check  all 
BPMs  in  one  plane,  another  DFG  with  90  degrees 
betatron  phase  advance  from  the  first  must  be 
varied.  Thus  it  suffices  to  change  four  dipoles,  one 
at  a  time,  taking  an  orbit  and  comparing  it  to  the 
predicted  orbit  to  do  a  rather  good  check  on  all  the 
BPMs.  This  along  with  a  measurement  of  the  dipole 
response  without  beam,  settmg  all  function  generators 
to  some  preset  value  and  comparing  the  measured 
currents  in  the  correction  dipole  magnets,  is  necessary 
befoM  using  TOP  to  correct  the  orbit. 


(4]  G.  Goderre,  B.  Hendricks,  D.E.  Johnson,  R.P, 
Johnson  and  R.  Joshel,  "An  On-Line  Model  for 
Controlling  the  Tevatron”,  these  proceedmgs. 

[5]  D.E.  Johnson,  G.  Goderre,  B.  Hendricks,  R.P. 
Johnson  and  R.  Joshel,  "Control  of  the  Time  and 
Energy  Dependent  Parameters  of  the  Upgraded 
Tevatron  Collider”,  these  proceedings. 


CONCLUSIONS 

TOP  is  a  powerful  new  program,  consistent  with 
the  capabilities  of  a  modern  control  system  and 
required  by  the  complexities  of  the  Tevatron  Collider. 
By  making  it  easy  for  an  operator  to  bring  the  orbit 
to  the  desired  positions,  TOP  helps  to  make  the 
Tevatron  a  reproducible  and  understandable  machine. 
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Abstract 

The  upgraded  Tevatron  Collider  hai  two  new  matched  low 
beta  ihtertioru  and  operates  with  electrostatic  separators  to 
have  different  orbits  for  the  proton  and  pbar  beams.  A  general- 
purpose  application  program  has  been  developed  which  allows 
the  operator  to  control  approximately  300  fimction  generators 
and  associated  timers  to  comnusiion,  tune,  and  operate  the 
machine.  The  program  and  relevant  aspects  of  the  Fermilab 
controls  envirorunent  are  discussed. 

Introduction 

With  the  replacement  of  the  low  beta  insertion  at  BO,  used 
during  the  first  two  Collider  runs,  and  the  addition  of  a  sec¬ 
ond  and  identical  insertion  at  DO  the  number  of  quad  circuits 
for  controlling  the  lattice  optics  increased  from  4  to  34.  The 
additipn  of  electrostatic  separators  and  feed-down  circuits  to 
the  already  existing  circuits  used  to  control  the  proton  tune, 
chromaticity,  and  coupling  brings  the  number  of  circuits  to  be 
controlled  to  78  excluding  dipole  circuit8.[l]  In  addition  to  the 
increased  munber  of  circuits,  many  steps  are  required  to  bring 
protoru  and  pbars  into  collision  at  the  interaction  regioiu  and 
remrin  separated  everywhere  else. 

With  the  prospect  of  the  new  VAXstation  work  stations  as 
operator  consoles[3]  and  the  increased  complexity  of  the  Col¬ 
lider,  an  effort  to  design  and  implement  the  next  generation 
Collider  Software  was  initiated.  The  PDP-11  era  software  re¬ 
sponsible  for  the  Tevatron  operation  had  been  designed  under 
the  coiutraints  of  the  PDP-11  consples  (i.e.  Fortran  source  code 
and  restrictive  memory  limitatioru  required  large  programs  to 
be  heavily  overlaid).  Three  independent  programs  coordinated 
by  a  fourth  -  the  Colliding  Beams  Sequencer  (CBS)  [3]  were  re¬ 
quired  for  the  operation  of  the  Tevatron  during  the  last  Collider 
run  ,  helical  orbit  studies,  and  low  beta  studies.  Much  code  was 
duplicated  in  the  three  programs  and  any  hardware  changes  or 
reconfiguration  required  (sometimes  extensive)  code  modifica¬ 
tions.  Since  the  VAXstations  are  virtual  memory  machines  and 
C  source  code  is  being  supported,  a  new  user  interface  was 
written  such  that  a  single  program,  the  Collider  Ramp  Gener¬ 
ator  (CRG),  would  be  responsible  for  controlling  the  time  and 
energy  dependence  of  all  circuits  during  aU  phases  of  Collider 
operation  and  studies.  Many  calculation  algorithms  [4]  utilised 
in.these  programs  are  being  converted  to  library  routines. 

'Operated  by  the  Umveriities  Research  Association  under  con¬ 
tract  with  the  U.  S.  Department  of  Energy 
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A  goal  in  the  design  for  the  operational  control  of  Collider 
devices  is  to  download  all  the  necessary  t^e  and  energy  param¬ 
eters  (  and  timing  events)  in  all  circuits  for  the  complete  filling 
cycle  at  the  end  of  the  previous  store  ditring  the  "recover**  pro¬ 
cess.  Thus  allowing  clock  events  to  initiate  the  transitioru  from 
ii\jection  to  low  beta  with  collisioiu.  To  facilitate  this  goal,  a 
Fermilab  designed  microprocessor  based  programmable  ramp 
generator  (i.e.  465  series  of  CAMAC  modules)  [5]  with  digi¬ 
tal  and  analog  outputs  is  utilised.  This  module  has  16  ramps 
(or  interrupt  levels)  which  are  a  function  of  time  and/or  en¬ 
ergy.  Each  is  triggered  by  the  *OR'  of  up  to  8  clock  events. 
It  has  a  digital  input  for  the  Machine  DATh  link.  One  of  the 
machine  parameters  transnutted  on  this  link  is  the  current  (or 
energy)  in  the  main  Tevatron  bus.  This  is  used  by  the  module 
to  interpolate  output  values  within  its  energy  tables. 

Collider  Requirements 

There  are  three  ’*states**  of  the  accelerator  with  respect  to 
its  energy:  iiyection,  acceleration,  and  flattop.  Acceleration 
can  be  considered  as  a  transition  between  ii\jection  and  flattop 
where  the  energy  of  the  acc^krator  changes.  An  energy  ramp 
for  the  accelerator  is  defined  as  a  collection  of  energy  steps. 
Generally,  all  devices  track  the  energy  of  the  accelerator  and 
have  energy  tables  with  values  at  each  step.  All  of  the  beam 
maiupulations  at  a  constant  energy  (either  u\jection  or  flattop) 
are  carried  out  by  time  ramps.  The  values  in  the  time  ramps 
are  considered  deltas  to  the  "base  value**  of  the  energy  ramp 
at  iivjection  or  flattop.  Time  ramps  are  generally  triggered  at 
the  desired  time  by  either  the  CRG  or  CBS  programs.  Figure 
1  shows  the  currently  defined  ramps  for  the  Collider  operation 
along  with  the  ’*clock  events**  used  to  trigger  the  ramps. 

Program  Organization 

Generally  speaking,  a  machine  physicist  or  operator  will  want 
to  control  some  set  of  devices  (called  PARAMETERS  in  the 
CRG)  at  a  particular  time  in  the  cycle  (i.e.  injection,  opening 
the  helix,  ramping,  during  the  squeeze,  etc.).  Using  the  CRG, 
a  user  would  specify  a  time  in  the  cycle  (called  a  RAMP)  and  a 
set  of  parameters  (called  a  GROUP)  to  display  parameters  for 
adjustment. 

There  can  be  many  GROUPS  associated  with  each  ramp. 
There  are  two  types  of  ramps  for  the  hardware  module  which 
are  classified  by  their  independent  variable:  energy  ramps  and 
time  ramps.  When  the  energy  of  the  accelerator  changes  or  a 
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Program  Calculations 
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Figure  1:  CRG  Parameter  database  page  image  showing 
the  currently  defined  ramps  for  use  in  Collider  operation. 

time  RAMP  is  triggeredi  all, devices  in  each  of  the  GROUPS 
will  synchronously  generate  their  downloaded  waveforms.  A 
collection  of  RAMPS  are  stored  in  one  of  the  USER  FILES 
which  then  contains  a  complete  set  of  information  required  to 
configure  the  accelerator  for  a  specific  operational  mode  (i.e. 
Collider  operation  with  one  or  two  insertions,  fixed  target  mode, 
turn  on  mode,  studies,  etc.).  To  configure  the  accelerator  for  the 
desired  operational  mode  the  user  would  ACTIVATE  a  USER 
FILE.  Tins  will  download  all  RAMPS  defined  in  the  file  to 
the  hardware  tamp  generators.  This  could  take  many  minutes 
depending  on  the  number  of  RAMPS  in  the  file,  the  number  of 
GROUPS  in  each  ramp,  and  the  number  of  PARAMETERS  in 
each  GROUP,  and  is  only  done  when  the  mode  of  operation  is 
changed. 


CRG  Parameter  Database 

One  of  the  main  goals  of  the  program  design  was  to  accommo¬ 
date  the  changing  requirements  of  the  accelerator  without  the 
need  of  software  modificalions.  Therefore,  a  program  database 
consisting  of  three  classes  of  objects  was  designed  to  allow  the 
on-line  creation  of  parameters,  groups,  and  ramp  definitions. 
Interface  routines  to  this  database  are  provided  to  allow  the  in¬ 
put,  modification,  display,  copying,  and  concatenation  of  each 
of  the  three  classes. 

From  these  interface  routines,  the  user  may  specify  how  accel¬ 
erator  devices  are  related  to  each  other  (which  set  of  PARAM¬ 
ETERS  are  assigned  to  a  GROUP  and  which  algorithm  is  used 
to  calculate  the  output  waveforms).  The  PARAMETERS  are 
considered  the  low  level  or  base  class  of  objects  and  contain 
hardware  and  program  control  infornration.  These  may  repre¬ 
sent  a  desired  physics  quantity  (such  as  tune,  chromaticity)  or 
a  specific  hardware  device  to  be  controlled  or  both.  Currently 
there  are  two  members  to  the  parameter  class:  ramp  cards  and 
timers.  AU  GROUPS  have  "input”  PARAMETERS  which  are 
used  to  tag  the  input  variables  modified  by  the  user  and  "out¬ 
put”  PARAMETERS  which  are  the  current  or  table  values  to 
be  loaded  into  the  hardware  ramp  generators. 


The  user  is  provided  with  the  tools  to  input  parameters  in 
machine  physics  terms  which  requires  a  set  of  algorithms  to 
relate  input  parameters  to  the  required  current  waveforms  des¬ 
tined  for  the  hardware  ramp  generators.  Many  of  the  algo¬ 
rithms  utilised  are  derived  &om  mathematical  models  of  the 
machine  system  while  others  are  simple  linear  relationships.  A 
library  of  all  calculation  algorithms  required  for  Collider  oper¬ 
ation,  is  being  built. 

The  constants  used  in  the  algorithms  are  derived  from  lat¬ 
tice  calculations,  magnet  measurements,  or  empirically  deter¬ 
mined  from  machine  data.  Circuit  configuration  information  is 
also  included  with  the  calculation  constants  to  indicate  which 
magnets,  separator  modules,  etc.  are  powered  and  their  polar¬ 
ity.  A  coiutants  file,  which  contain  aU  the  constants  for  each 
vmique  group  defined  in  a  USER  FILE,  is  maintained. 

The  algorithms  and  their  constants  may  be  viewed  and  mod¬ 
ified  during  a  session.  Any  modifications  may  be  saved  in  a 
constants  file  associated  with  each  USER  FILE. 

When  the  output  waveform  for  a  set  of  devices  in  the  selected 
ramp  is  calculated,  both  the  input  parameters  and  output  pa¬ 
rameters  may  be  plotted  on  a  color  graphics  screen  utilising  a 
standardised  plotting  package. 

Program  Implementation 

A  crucial  aspect  in  the  development  of  the  next  generation 
Collider  Software  was  the  early  development  of  a  layered  set 
of  library  routines  optimised  for  the  VAX  console  environment. 
These  routines  are  built  upon  existing  Cotuole  LIBrary  routines 
to  interface  TV  and  grapHcs  I/O,  the  accelerator  database  (for 
"static"  data)  and  datapool  (for  "live"  data),  central  fileshar¬ 
ing  facility,  and  network  communications.These  new  libraries 
provide  mid-level  set  of  routines  designed  to  create  a  richer 
programming  environment  and  increase  the  ease  and  efficiency 
of  writing  application  programs.  In  many  cases,  these  routines 
substantially  reduce  the  amount  of  code  required  by  application 
programs  for  data  and  screen  I/O.  [6] 

A  new  era  at  Ferirulab  for  program  control  was  entered 
upon  the  introduction  of  a  new  mode  of  program  execution, 
called  scripting. [6]  A  set  of  routines  has  been  added  to  the  li¬ 
brary  which  allow  the  "tape  recording"  of  console  programs  for 
later  replay.  A  "script"  is  a  record  of  the  console  interrupts 
and  cursor  movement  while  recording.  These  scripts  may  be 
accessible  through  a  menu  selection  for  replay  or  invoked  by  a 
remote  task.  The  CRG  utilizes  these  scripts  to  allow  the  user  to 
automate  an  otherwise  complicated  or  lengthy  set  of  interrupts. 

Interface  to  other  Software 

A  set  of  library  routines  have  been  designed  to  aid  in  the 
communication  between  programs.  These  routines  utilize  VAX 
VMS  mailbox,  fUesharing  files  and  a  routine  for  starting  and 
passing  data  to  remote  tasks.  The  CRG  is  currently  interfaced 
to  three  other  software  programs;  the  CBS,  the  Tevatron  Orbit 
Program  (TOP)  [7],  and  the  on-line  lattice  calculation  program 
TEVCONFIG  [8]. 

A  communication  path  between  the  CBS  and  CRG  pro¬ 
vides  an  easy  mechanism  for  adjustment  of  the  common  ma- 
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chine  parameters  (i.e.  tune  ,  chromaticity,  and .  coupling)  at 
iigection,  flattop,  and  low  beta.  The  sequencer  starts  the  CRG 
as  a  remote  task  and  passes  (via  mailbox)  the  values  to  be  ad¬ 
justed.  If  the  adjustments  are  successfully  loaded  in  hardware, 
the  CRG  returns  success  and  the  new  values  are  updated  in 
sequencer  flies.  Instead  of  passing  parameter  values,  the  se¬ 
quencer  can  also  start  a  CRG  script.  This  is  used  for  time 
dependent  b2  adjustments,  loading  a  specifled  ramp,  or  a  file. 

The  communication  between  TEVCONFIG  and  the  CRG 
primarily  utilises  fllesharing  flies.  As  the  CRG  loads  the  hard¬ 
ware  tables  it  updates  an  ’’operational  currents  file”  to  reflect 
the  currents  in  all  Collider  devices.  Whenever  any  program  re¬ 
quests  lattice  functions  using  operational  currents,  TEVCON¬ 
FIG  wiU  recalculate  the  lattice  functions  if  the  "operational 
currents  file”  has  been  updated  since  its  last  calculation.  An 
interactive  mode  will  allow  the  user  to  update  a  ’’calculated 
currents  file”  and  then  request  a  lattice  calculation.  Communi¬ 
cation  between  these  programs  allows  the  user  to  calculate  the 
effect  of  the  change  before  it  is  made.  In  addition,  TEVCON¬ 
FIG  will  provide  the  necessary  coefficients  for  the  independent 
pbar  tune  control  algorithm. 

The  interface  between  the  CRG  and  TOP  also  utilises  flle¬ 
sharing  flies.  The  primary  interaction  between  these  programs 
is  during  parsmg  the  squeese  where  TOP  updates  a  file  with 
the  last  sent  angles  to  the  dipole  correctors.  The  CRG  can  read 
this  file  to  maintain  orbit  corrections  during  the  squeese. 

Parsing 

A  technique  [9]  to  step  forward  or  backward  through  any  time 
ramp  one  (or  more)  sequences  at  a  time,  adjusting  parameters 
at  each  step,  is  referred  to  as  "parsing”  a  tamp.  This  technique 
has  been  used  in  building  the  final  low  beta  squeese  tables  for 
all  Collider  devices  as  beam  measurements  are  made. 

Continuity  between  the  ii\jection  optics  and  the  of  .25 
meter  low  beta  optics  is  achieved  with  a  set  of  17  "steps”.  Each 
of  these  steps  is  a  solution  to  a  lattice  optimisation  program  (i.e. 
SYNCH)  which  provide  the  approximate  gradients  for  the  in¬ 
sertion  quads.  To  preserve  beam  intensity  and  emittance  all 
parameters  must  be  precisely  controlled  at  each  step  of  the 
transition  to  the  final  )3*.  As  the  CRG  loads  the  hardware  to 
move  to  the  next  step,  it  sends  the  calculated  currents  for  aU 
devices  to  TEVCONFIG  which  will  calculate  new  lattice  func¬ 
tions  corresponding  to  actual  currents  in  the  magnets.  In  order 
for  the  Tevatron  Orbit  Program  TOP  to  calculate  a  correction 
to  a  measured  orbit  distortion  at  each  step  ,  it  obtains  lattice 
functions  for  the  current  step  from  TEVCONFIG  based  upon 
either  the  design  gradients  or  the  currents  sent  to  the  hardware. 
[Note;  these  lattice  functions  are  available  to  any  program  via 
interface  routines.]  Once  the  desired  orbit  has  been  reached  the 
correction  angles  are  passed  back  to  the  CRG  which  saves  them 
for  the  next  execution  of  the  low  beta  squeeze  ramp.  After  the 
orbit  has  been  smoothed,  the  coupling,  tune,  chromaticity,  sep¬ 
arators,  and  feeddown  sextupoles  may  be  optimized.  When  the 
operator  is  satisfied  with  the  results,  the  ramp  is  parsed  to  the 
next  step  for  beam  measurements  and  adjustments. 

User  Interface 


tion.  This  implies  the  full  usage  of  user  prompts,  program 
messages,  error  reporting,  coihmand  logging,  on-line  program 
help,  plotting  functions,  and  utility  routmes.  The  interface  is 
therefore  menu  driven  in  a  windowed  environment.  Currently, 
there  are  five  basic  functional  windows  utilized  in  the  program. 
They  are:  STATUS  PAGE  ,  DATABASE  ,  RAMP  CONTROL, 
CALCULATION  DISPLAY,  and  PLOT  CONTROL.  To  pro¬ 
vide  continuity,  each  window  contains  a  menu  bar  at  the  top  of 
the  window  indicating  the  possible  choices  the  user  may  make. 
Each  of  the  choices  in  the  menu  bar  will  either  RETURN  to  the 
previous  window,  open  another  window,  or  display  a  "popup” 
menu  for  selection  from  an  allowed  set  of  menu  options.  Many 
of  the  menu  bar  items  have  a  constant  function  through  the 
program.  Through  the  menu  bar  item  labeled  ACTION  (see 
fig.  1),  the  user  will  And  all  the  allowed  "actions”  that  control 
program  flow  dependent  on  the  program  mode  and  active  win¬ 
dow.  The  OPTIONS  menu  bar  item  contains  sets  of  switches  or 
flags  which  allow  the  user  to  modify  the  default  operation  of  the 
program  in  the  following  areas:  plotting,  sending  to  hardware, 
message  display,  and  error  logging. 

Current  Status 

The  first  version  of  the  CRG  program  was  used  during  the 
commissioning  of  the  new  low  beta  insertion  at  BO.  Upgrades  to 
the  program  structure  continue  in  a  effort  to  produce  a  flexible, 
easy  to  use,  menu  driven  software  package  for  the  coordinated 
control  of  the  time  and  energy  parameters  of  any  accelerator. 
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user  with  all  poissible  information  to  allow  intelligent  r^pera- 
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Abstract 

An  operating  system  shell  GPDAS  (General  Purpose  Data 
Acquisition  Shell)  on  MS-DOS-based  microcomputers  has 
been  developed  to  provide  flexibility  in  data  acquisition  and 
device  control  for  magnet  measurements  at  the  Advanced 
Photon  Source.  GPDAS  is  both  a  command  interpreter  and  an 
integrated  script-based  programming  environment.  It  also 
incorporates  the  MS-DOS  shell  to  make  use  of  the  existing 
utility  programs  for  file  manipulation  and  data  analysis. 
Features  include;  alias  definition,  virtual  memory,  windows, 
graphics,  data  and  procedure  backup,  background  operation, 
script  programming  language,  and  script  level  debugging. 
Data  acquisition  system  devices  can  be  controlled  through 
IEEE488  board,  multifunction  I/O  board,  digital  I/O  board  and 
Gespac  crate  via  Euro  G-64  bus.  GPDAS  is  now  being  used 
for  diagnostics  R&D  and  accelerator  physics  studies  as  well  as 
for  magnet  measurements.  Their  hardware  configurations  will 
also  be  discussed. 

I.  INTRODUCTION 

GPDAS  (General  Purpose  Data  Acquisition  Shell)  has 
grown  out  of  a  concept  of  a  command  interpreter  and  a 
programming  environment  for  streamlined  data  acquisition  and 
analysis  in  a  flexible  laboratory  measurement  setting.  Even 
though  most  operating  systems  on  various  platforms  provide  a 
command  interpreter  and  certain  levels  of  programmability, 
they  are  not  specifically  designed  for  laboratory  environments 
for  data  acquisition,  analysis  and  device  control.  These  require 
command  flow  control,  communication  with  external  devices, 
storage  and  archival  of  tlie  data.  Conventionally,  a  dedicated 
stand-alone  application  would  be  developed  for  these  purposes. 
The  drawback  of  this  approach,  however,  is  that  such 
applications  are  inflexible  in  their  scope  of  capabilities  and 
therefore  cannot  be  easily  modified  to  adapt  to  different 
laboratory  environments  or  different  configurations  of  devices, 
especially  in  the  R&D  phase  which  calls  for  frequent  changes 
in  the  measurement  procedures. 

GPDAS  was  originally  developed  for  the  magnet 
measurement  systems  at  the  Advanced  Photon  Source.  A 
standardized  method  using  a  rotating  coil  probe  will  be 
employed  for  multipole  measurement.  On  the  other  hand, 

♦Work  supported  by  the  U.S.  Deparunent  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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various  schemes  were  being  considered  for  dipole 
measurement.  This  flexible  situation  warranted  the 
development  of  a  data  acquisition  and  analysis  software  that 
allowed  for  high-level  user  programming  to  simplify  hardware 
debugging. 

II.  SYSTEM  AND  SOFTWARE 

The  current  version  of  GPDAS  runs  on  MS-DOS-based 
microcomputers.  The  computer  system  for  magnet 
measurement  at  APS  consists  of  a  Compaq  386/20c  computer 
equipped  with  4  Mb  RAM,  a  40  Mb  hard  drive,  a  44  Mb 
removable  hard  drive,  a  5.25  inch  1.2  Mb  floppy  drive,  a  3.5 
inch  1,44  Mb  floppy  drive  and  a  VGA  monitor.  The  system 
is  linked  to  other  computers  through  Ethernet  for  data  transfer 
and  communication.  Text  and  PostScript  graphics  files  arc 
downloaded  to  laser  printers  using  AppleTalk  connection. 

The  software  package  consists  of  a  shell,  utilities  and  script 
programs.  Residing  on  top  of  the  MS-DOS  shell,  it  also 
incorporates  the  MS-DOS  shell  and  takes  advantage  of  existing 
utility  programs  for  file  manipulation  and  data  analysis. 

The  shell  can  be  directly  interfaced  with  PC  boards  and 
control  the  data  acquisition  system  devices.  In  conjunction 
with  the  magnet  measurement  system,  software  drivers  for 
1EEE488,  a  digital  I/O  board  and  an  ADC/DAC  are  built  in  the 
shell.  The  shell  can  be  interfaced  to  other  types  of  boards 
through  source  level  modification.  Developed  with  such 
possibilities  in  mind,  the  internal  structure  of  the  shell  is 
highly  modularized  to  facilitate  such  changes. 

III.  PROGRAMMING  IN  GPDAS 

The  shell  can  be  programmed  to  perform  desired  tasks 
either  interactively  or  non-interactivciy.  In  the  interactive 
mode,  commands  are  entered  through  the  keyboard,  while  in 
the  non-interactive  mode  the  shell  reads  in  commands  from  a 
script  and  serially  executes  them.  The  shell  may  also  run  in  a 
mixed  mode  by  embedding  certain  commands  in  the  script. 

The  syntax  of  the  commands  must  conform  to  DASL  (Data 
Acquisition  Shell  Language),  a  high-level  language  developed 
for  GPDAS.  Commands  that  are  not  understood  by  the  shell 
arc  passed  to  MS-DOS  shell  for  further  processing.  Script 
programming  is  relatively  easier  than  developing  new 
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applications,  tHerefore,  debugging  of  hardware  and  testing  of 
nie^uremeht  procedures  are  simplified. 

'^sigri  objwtiyes  of  the  shell  include: 

•  Interactive  mode  for  u^r  command  input 

•  Non-intefactive  mode  for  script  execution 

•  Definition  of  command  aliases 

•  History  of  commands 

•  Assignment  of  variables  and  arrays  (integer,  long,  float, 
double,  and  string)  in  RAM  and  virtual  memory 

•  Backup  of  aliases,  history  and  variables  in  script  format 

•  Mathematical,  logical  and  text  string  operations 

•  Input  and  output 

•  Commarid  flow  control 

•  Device  interface 

»  Windowing  capability 

•  Graphics  capability 

Other  utility  applications  have  also  been  developed  as 
integral  parts  oh  the  software  package.  These  include: 
PostScript  graphics,  graphical  monitoring,  file  management, 
background'printing  and  device  control. 

IV.  APPLICATIONS 

In  this  section,  we  will  focus  on  the  application  of 
GPDAS  to  magnet  measurement  [1]  at  APS,  which  was  the 
primary  motivation  for  its  development.  Applications  to  the 
measurement  of  synchrotron  BPM  characteristic  [2]  and  closed 
loop  feedback  for  orbit  stabilization  [3]  will  also  be  discussed. 

A.  Harmonic  Analysis  of  Quadrupale  Magnet 

National  Instrument  16  bit  digital  I/O  board  for  AT  Bus  is 
used  as  a  communication  bridge  between  the  computer  and  a 
Gespac  crate.  Gespac  devices  include:  encoder-motor 
controller,  digital  integrator,  integrator  trigger,  time  base 
trigger,  power  subtly  controller,  ADC  (current/voltage  reader) 
and  stepper  motor  controller.  The  encoder-motor  controller  is 
used  to  control  the  motion  of  the  rotating  search-coil  and 
generates  triggering  signals  for  digital  integrators!  National 
Instrument  16  bit  IEEE^88  interface  board  for  AT  Bus  is 
installed  to  control  the  devices  equipped  with  IEEE488 
interface. 

The  harmonic  analysis  of  quadrupole  magnets  is 
accomplished  with  a  GPDAS  script  and  a  few  modularized 
utility  programs  which  are  called  from  the  script.  The  entire 
process  of  data  acquisition  and  analysis  can  thus  be 
streamlined.  This  modular  approach  facilitates  software 
debugging  and  helps  overcome  the  640  KB  memory  limitation 
imposed  by  MS-DOS. 

Figure  1  shows  the  schematic  of  the  quadrupole  magnet 
measurement  system.  Both  the  radial  and  tangential  winding 
type  rotating  coil  probes  have  been  tested.  The  script  calls  the 
data  acqi  sition  program  to  take  raw  data  from  integrators  and 
then  calls  the  harmonic  analysis  program  to  analyze  the  data. 
The  results  are  then  used  to  realign  the  magnet.  The  script 
saves  the  data  and  the  analysis  results  in  text,  binary,  and 
PostScript  graphics  files.  Data  base  management  and  hard¬ 


copy  printing  are  also  done  by  the  script.  Figure  2  shows  a 
sample  PostScript  graphics  output  from  harmonic  analysis  of 
the  quadrupole  magnet  using  a  radial  winding  coil. 


Figure  1.  Schematic  of  quadrupole  magnet  measurement 
system. 
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Figure  2.  A  sample  PostScript  graphics  output  from 
harmonic  analysis  measurement. 
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B.  Mapping  of  Dipole  Magnet 

Two  methods  of  mapping  dipole  magnets  have  been  tested, 
one  using  a  Hall  probe  and  the  other  using  a  long  coil.  The 
schematic  of  these  measurements  is  shown  in  Fig.  3.  The  3-D 
mapping  table  is  controlled  by  3  stepper  motors  with  encoders 
and  an  IEEE488-interfaced  motor  indexer.  The  Halt  probe  #1 
is  used  for  mapping  and  the  Hall  probe  #2  and  the  NMR  probe 
are  used  as  reference.  The  digital  output  of  the  Hall  probe  #1 
is  transferred  to  the  computer  via  IEEE488  interface  and  the 
analog  output  of  the  Hall  probe  #1  is  connected  to  the  digital 
voltmeter. 

Two  dimensional  least  square  fitting  of  mapping  data  has 
been  done  for  each  mapping  plane.  Integral  mapping  using  a 
long  coil  has  been  tested  by  moving  the  coil  or  ramping  the 
current.  Other  measurements  have  been  tried  for  coil 
manufacturing  test,  noise  measurement,  soldering  effect,  zero- 
Gauss  chamber  test  and  power  supply  fluctuation  test.  End 
field  measureiricnt  using  a  short  coil  and  a  rotating  coil  probe 
will  also  be  tested.  At  the  final  stage,  integral  mapping  will 
be  carried  out  by  bucking  the  signals  from  the  reference 
magnet  and  the  magnet  being  measured. 


Figure  3.  Schematic  of  dipole  mapping  system  using  Hall 
probes  and  a  coil. 

C.  BPM  Test  Stand  Measurement 

GPDAS  has  been  used  to  characterize  the  synchrotron  beam 
position  monitor  (BPM)  test  stand.  Four  button-type  pickups 
are  mounted  on  a  BPM  unit  made  of  stainless  steel.  A  thin 
fixed  wire  of  0.012"  diameter  is  suspended  through  the  elliptic 
bore  under  tension  in  order  to  maintain  suraightness.  The 
transverse  position  of  the  BPM  unit  relative  to  the  wire  is 
controlled  by  two  stepper  motors  and  a  controller  in  a 
CAMAC  crate.  The  buttons  are  multiplexed  by  a  4-throw-l- 
puU  mechanical  RF  switch,  and  measurements  are  done  using 
a  networic  analyzer  and  a  digital  sampling  scope. 


The  stepper  motor  controller,  the  switch  driver,  the 
network  andyzer  and  the  sampling  scope  are  interfaced  to  the 
computer  via  IEEE488  bus.  As  in  the  case  of  the  magnet 
measurement  system,  data  acquisition  and  analysis  arc  done  by 
GPDAS  scripts  and  accompanying  utility  programs.  The 
scripts  also  format  the  measurement  data  and  the  analysis 
results  for  further  processing  on  other  computers. 

D.  Closed  Loop  Feedback  Measurement 

The  APS  will  use  a  large  number  of  correction  magnets  to 
create  local  bumps  and  to  achieve  global  orbit  stabilization. 
Efforts  have  been  made  to  counter  the  effect  due  to  the  finite 
inductance  of  the  magnet  and  the  eddy  current  in  the  l/2"-thick 
aluminum  storage  ring  vacuum  chamber.  Significant 
amplitude  attenuation  and  phase  shift  of  the  correction  magnet 
field  were  anticipated.  Measurements  and  compensation  of  this 
eddy  current  effect  have  been  done  using  GPDAS. 

The  data  acquisition  was  done  primarily  using  an  ADC, 
which  registered  the  reference  signal,  the  field  inside  the 
vacuum  chamber  and  the  control  signal  to  the  magnet  power 
supply.  Compensation  was  done  by  an  analogue  circuit,  and 
data  acquisition  and  analysis  were  done  by  a  script  and  a  few 
utility  programs  as  discussed  in  previous  cases. 

V.  CONCLUSION 

GPDAS  provides  an  integrated  script-based  environment  for 
data  acquisition  and  analysis.  It  has  been  successfully  applied 
to  the  magnet  measurement  system,  synchrotron  BPM  test 
stand  and  closed  loop  feedback  measurement  at  the  APS.  It 
proved  particularly  useful  for  test  measurements,  such  as 
equipment  test,  manufacturing  technique  development,  and 
feasibility  tests  for  measurement  methods.  Though  it 
currently  runs  only  on  MS-DOS-based  computers,  it  can  be 
ported  to  other  platforms,  such  as  SUN  or  VAX  workstations 
with  modifications  on  the  user  command  interface. 
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Abstract 


The  Unix  Data  Acquisition  System  (UDAS)  is  a  Fermilab-based 
prototype  for  on-line  data  acquisition  and  analysis.  The  system 
employs  a  shared  memory  approach  for  the  storage  and  accessi¬ 
bility  of  the  lar^e  set  of  data  (approximately  0,5  Megasamples) 
it  is  capable  of  handling.  It  is  currently  used  to  analyze  turn- 
by-turn  data  obtained  through  two  beam  position  monitors  of 
the  Fermilab  Main  Ring.  The  data  are  digitized  with  a  LeCroy 
6810  fast  waveform  digitizer.  Recently  the  system  was  used  to 
obtain  a  continuous  tune  measurement  in  a  single  Main  Ring 
cycle  after  applying  a  noise  signal  (white  noise  or  a  chirp  signal) 
to  the  beam  through  the  Main  Ring  slow  dampers. 

Introduction 

The  capture  and  analysis  of  turn  by  turn  data,  from  beam 
position  monitors  and  intensity  monitors,  was  a  central  fea¬ 
ture  of  the  E778  nonlinear  dynamics  experiment  at  the  Fermi¬ 
lab  Tevatron.  The  UDAS  data  acquisition  system  represents  a 
harden  version  of  the  “Mirabile”  [1]  instrumentation  used  for 
E778,  with  the  intent  to  make  it  routinely  available  for  diag¬ 
nosis  of  Main  Ring  or  Tevatron  performance.  'I\irn  by  turn 
instrumentation  has  been  succesfuUy  used  at  CERN  to  contin¬ 
uously  monitor  tunes  through  SPS  [2]  and  LEP  cycles  [3],  So 
far  the  minimum  goal  for  UDAS  has  been  the  reproduction  in 
the  Main  Ring  of  the  SPS’s  continuous  tune  measurement  ca¬ 
pability,  although  there  is  good  reason  to  believe  that  other 
continuous  measurements  besides  tunes  will  also  be  possible. 

Hardware 

A  block  diagram  of  the  hardware  configuration  is  shown  in 
Figure  1.  The  beam  is  excited  or  “heated”  by  applying  a  noise 
signal  to  the  Main  Ring  slow  dampers.  There  are  two  noise 
gates,  one  for  each  plane,  which  are  referenced  to  an  arbitrary 
Main  Ring  event.  Normal  Main  Ring  beam  position  pickups  are 
used  to  extract  direct  horizontal,  vertical  and  intensity  signals. 
The  signals  are  digitized  with  a  LeCroy  6810  5-Mhz,  12-bit 
transient  digitizer,  with  0.5  Megasamples  of  onboard  memory. 
The  “noise”  signal  used  to  heat  the  beam  is  digitized  as  well. 

’Operated  by  the  Universities  Research  Association  under  con¬ 
tract  with  the  U.  S.  Department  of  Energy 
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Figure  1:  Hardware  configuration  of  the  UNIX  system  for 
the  Main  Ring, 

The  sampling  clock  for  digitization  is  the  Main  Ring  beam- 
synchronized  revolution  frequency  clock.  The  279  modules  pro¬ 
vide  two  separate  timing  pulses  with  a  programmable  delay 
from  a  Main  Ring  beam-synch  clock.  They  are  used  for  adjust¬ 
ing  the  timing  of  the  gate  inside  which  data  is  taken. 

The  digitizer,  once  armed,  samples  continuously  until  an  ex¬ 
ternal  trigger  signal,  a  standard  Main  Ring  event;  arrives.  The 
number  of  samples  stored  in  memory  after  a  trigger  event  is 
controlled  by  the  segment  size  (up  to  0.5  Megasamples  for  4 
active  channels),  set  in  the  module. 

The  camac-based  LeCroy  modules  are  controlled  by  a  Sun 
4  workstation(fig)  via  the  Sun’s  VME  backplane  and  a  CES 
CBD/8210  camac  branch  driver.  This  is  to  be  replaced  with  a 
Spaicstation  lE  on  a  VME  card  in  the  future.  The  control  and 
the  data  flow  to  the  control  room  workstation  is  done  through 
the  Sun’s  ethernet  link. 


Software 

The  entire  data  acquisition  system  is  based  on  the  Inte¬ 
grated  Scientific  Tool  Kit  (ISTK)  package  developed  at  LBJ. 
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Figure  2:  Sofwart  configuration. 


with  funds  from  the  SSC  Accelerator  Division.  The  ISTK  pack¬ 
age  consists  of  a  set  of  four  tools; 

a)  “l^par”  graphics 

b)  "SDS”  data  management  utilities 

c)  Relational  database  management  system  utilities 

d)  ‘'gli8h^  sequencer  language. 

Use  of  the  l&TK  package  ^ows  easy  interface  of  control  panels 
on  screen  with  the  actual  control  programs,  written  in  0++. 

There  is  a  general  acqubition  control  panel  which  controb 
the  whole  data  taking  operation.  From  thb  panel  one  can: 

1.  Control  the  data  acqubition. 

Thb  part  of  the  control  panel  initializes  all  the  data- 
acqubition  processes,  starts  the  logging  of  the  data  tc  dbl^, 
and  selects  the  data  taking  mode  (single  shot/auto  shot).  The 
logging  of  data  b  achieved  by  energizing  another  system  called 
"harcl’  which  looks  at  the  shared  memory  of  the  remote  com¬ 
puter  and  transfers  the  data  to  the  dbk  of  the  computer  at  the 
control  room. 

2.  Tulk  to  individual  camac  modules. 

From  thb  part  one  makes  changes  to  individual  modules, 
both  by  turning  them  on  and  off  and  by  calling  subsidiary  pan- 
eb  that  make  changes  to  the  module  settings.  The  6810  b 
controlled  by  a  panel  called  “camel”  from  which  all  the  ca¬ 
mac  settings  of  the  module  can  be  set  by  toggling,  on  pulldown 
menus.  One  has  aUo  the  ability  to  save  the  entire  “el  of  mod¬ 
ule  settings  in  a  file  for  future  reference.  The  279  ’aodule  b 
controlled  by  a  panel  called  “clod”  from  which  the  adjustable 
delays  to  the  beam-synch  clock  are  set. 

3.  Control  the  documentation  and  dbplay  of  »he  data. 

Prom  thb  part  one  can  turn  cn  the  ‘kaspat”  graphics  for  the 

online  dbplay  of  the  data  and  can  abo  record  whatever  typed- 
in  comments  he  wbhcs  to  accompany  the  data.  Figure  2  chows 
a  general  picture  of  the  software  configuration  used  in  UDAS. 


Figure  3:  Typical  “kaspar”  graphics  picture  of  the  digitized 
signals  in  UDAS.  The  vertical  axes  are  in  Volts  and  the 
horizontal  axes  are  in  number  of  beam  revolutions. 


Experimental  Results 

During  the  last  study  period  of  the  Fermilab  Accelerator  the 
UNIX  data  aqubition  system  was  tested  in  performing  a  conti- 
nous  tune  measurement  on  a  single  MR  cycle.  The  cycle  chosen 
was  a  29  cycle  (pbar  production),  that  had  a  total  length  of  1.4 
sec  and  a  flattop  energy  of  120  GeV.  We  used  an  HP  3582  Dy¬ 
namic  signal  analyser  as  a  nobe  source  and  applied  the  nobe 
signal  to  the  horizontal  dampers  over  a  gate  extending  from  the 
beginning  of  the  cycle  to  near  the  flattop  energy.  Two  BPMs, 
one  horizontal(F44)  and  one  vectical(F43)  were  digitized  along 
with  the  nobe  signal  and  the  intensity  signal  provided  by  the 
F43  BPM.  Figure  3  shows  a  “kaspar”  graphics  picture  of  the 
four  signab  for  the  whole  Main  Ring  cycle  chosen. 

Two  different  types  of  noise  source  were  used,  a)  periodic 
chirp  and  b)  random  nobe.  The  frequency  span  of  the  nobe 
source  was  varied  from  3  —  34  kHz  coresponding  to  different 
time  records.  The  amplitude  of  the  source  was  abo  varied,  but 
remained  constant  during  a  particular  cycle.  We  found  that 
with  white  nobe  we  could  effectively  excite  the  beam  without 
any  observable  degradation.  Horizontal  tunes  were  observed  by 
simply  taking  successive  FFT’s  of  the  beam  responce  over  the 
nobe  source  time  record.  We  did  not  have  similar  success  in 
tune  observations  when  we  used  a  periodic  chirp  of  a  constant 
amplitude.  In  thb  case  the  beam  was  killed  at  an  early  stage 
for  chirp  amplitudes  large  enough  to  excite  the  beam  at  flattop 
energies. 

In  Figure  4  the  “kaspar”  plots  of  16  successive  FFT’s  taken 
over  4096  turns  (0.086  sec)  in  one  29  cycle  are  shown.  The 
horizontal  tune  lines  are  clear  except  around  transition  (13000- 
20000  turns)  up  to  about  60000  turns  or  energy  of  100  GeV. 

By  looking  at  the  correlation  between  the  beam  response  and 
the  random  nobe  signal  we  could  identify  the  horizontal  tune 
lines  up  to  the  flattop  energy  of  120  GeV,  and  could  sometimes 
identify  the  vertical  tunes  lines  due  to  coupling. 


Conclusion 


The  UNIX  data  acquisition  system  was  succesfuly  tested  in 
acquiring  and  andyzing  ^rn  by  turn  data  to  obtain,  horizon¬ 
tal  tunes  versus  time  in  a  single  Main  Ring;  cycle.  More  work 
needs  to  be  done  in  determining  the  best  way  of  extracting  the 
tunes  from  the  turii  by  turn  data  with  the  least  possible  beam 
disturbance  and  to  incorporate  this  method  into  an  automated 
procedure  of  a  continuous  tune  measurement  as  performed  in 
the  CERN  SPS. 
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Abstract-An  Interactive  Accelerator  Interface 
M.oduie  (AIM)  has  been  devdoped  in  a  workstation 
environment  for  the  purposes  of  assisting  in  the 
commissioning  and  operation  of  any  storage 
ring/collider  system.  The  function  of  AIM  is  to  integrate 
modeling  and  simulation  codes  into  accelerator  and 
beamline  control  systems  for  the  purpose  of  rapid  ondine 
datd  analysis  and  error<correction,  resulting  in 
significant  time>saving.  A  system  dependent  module 
provides  for  the  translation  of  specific  control  system 
data  flies  to  appropriate  input  format  for  application 
programs  within  AIM.  Interactive  screen  grapivics, 
including  system  function  diagrams,  menus,  beamline 
element  status  and  update  information  are  staridard  in 
AIM.  AIM  is  currently  connected  to  the  (Stanford 
Linear  Collider  (SLC)  control  system,  but  is  easily 
transportable  to  other  facilities.  This  paper  describes  the 
develppmeiit  of  AIM  and  its  applications  on  SLC.* 

I.  INTRODUCTION 

There  have  been  rapid  advances  in  the  analysis  and  the 
reduction  of.data  from  accelerators  and  beam  storage  systems  in 
recent  years.  Analysis  tools  include  model  reference  systems 
in  a  workstation  environment.  The  Accelerator  Interface 
Module  (AIM)  is  an  interactive  graphics  interface  that 
functions  in  such  an  environment.  The  goal  of  AIM  is  rapid 
on-line  data  analysis  and  error  conection  for  accelerators  and 
storage  rings.  AIM  follows  many  years  of  similar  effort  at  the 
Stanford  Linear  Accelerator  (SLAC)  [1]. 

II.  HISTORICAL  BACKGROUND 

Over-tlie  past  few  years,  as  the  modeling  codes  for  data 
analysis  improved,  the  time  it  takes  to  find  and  correct  errors 
in  beam  lines  decreases  from  months  to  hours.  For  example, 
in  1983,  a  3%  power  supply  error  prevented  the  SLC  damping 
ring  from  storing  the  beam.  This  problem  was  resolved  after 
approximately  six  man-months  of  effort  using  the  code 
COMFORT  [2].  In  1989,  a  similar  problem  which  had  caused 
a  beam  mismatch  in  a  Storage  Ring  to  LINAC  subsection  was 
resolved  using  COMFORT  and  a  single-track  analysis  in  ten 
man-days.  As  a  result  of  the  October  1989  Loma  Prieta 

*Work  supported  by  DOE  Contract  No.  DE-AC03-76- 
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earthquake,  SLAC  Positron  Electron  Project  (PEP)  suffered 
misalignments.  This  probleih  was  analyzed  in  two  man-days 
using  the  beam  trajectory  simulation  code  ^SOLVE  [3]. 

In  all  cases,  the  man-time  effort  also  included  the  time  it 
took  to  develop  error  finding  methods.  Now  with  these 
analysis  methods  known,  the  time  it  takes  to  analyze  similar 
problems  is  greatly  reduced.  AIM  is  a  further  development 
.along  this  line  but  with  automated  control  system  data  file 
translation  to.the  format  for  the  analysis  codes.  The  resulting 
tum-around  time  from  data  recording,  through  analysis,  to 
machine  update  may  be  reduced  to  as  little  as  an  hour.  AIM 
cufrently  is  being  u^d  on  the  Stanford  Linear  Collider  (SLC) 
to  upgrade  luminosity. 

III.  AIM  STRUCTURE 

In  its  operation  mode.  AIM  performs  some  analysis 
functions  on  the  measured  BPM  and  screen/wire  data,  and 
prepares  input  for  the  spawned  codes  such  as  RESOLVE  and 
COMFORT  as  needed.  AIM  may  also  be  used  in  a  design 
mode.  Beamline  and  beam  requirements  developed  by  AIM 
may  be  used  to  suggest  placement  of  various  types  of 
diagnostics  and  to  study  their  sensitivity  to  errors. 
Additionally,  AIM  may  be  used  as  a  simulator  for  the  purpose 
of  training  operators  off-line  and  for  developing  beam  tuning 
procedures. 

The  cunent  version  of  AIM  functions  with  Digital's  VMS 
system.  The  code  has  been  developed  by  SAIC  on  a  VAX- 
Workstation  3100  running  VMS  version  5.2  and  VWS  version 
4.1  (UIS)  eight  plane  color  graphics.  A  four  plane  version  is 
working  at  SLAC.  There  is  also  an  earlier  demo  developed  for 
Boeing  that  runs  on  a  Micro  VAX  II GPX  with  VMS  version 
4.6  with  eight  plane  graphics. 

The  interactive  graphics  code  is  mouse-and-menu  driven. 
The  menu  system  guides  the  user  through  different  levels  of 
the  code  in  sequence.  The  user  is  automatically  prevented  from 
making  selections  out  of  sequence  as  required  by  a  given  beam 
tuning  procedure.  The  user  is  also  assisted  by  means  of  HELP 
menus. 

AIM  displays  a  beamline  layout  display  of  the 
accelerator/storage-ring/collider,  Figure  1.  After  a  subsection 
is  selected,  a  beamline  data  file  prepared  by  the  translator  from 
a  database  derived  from  the  SLC  control  system  is  used  to 
display  graphically  the  components  of  the  entire  subsection  in 
terms  of  mouse-active  icons.  The  icons  are  set  in  a  convenient 
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Figure  1.  AIM  Screen  Layout 

'horizontal  display  that  may  be  rapidly  scrolled.  Upon 
selection  of  a  particular  icon,  technical  data  describing  the 
element  is  displayed  in  a  menu.  In  addition  to  the  extensive 
analysis  tools  •  all  standard  first  order  elements  are  available  • 
within  AIM,  AIM  can  spawn  codes  such  as  COMFORT  and 
RESOLVE  and  their  associated  graphics. 

IV.  Applications 

A.  Analysis  Functions  in  AIM 

Beam  launch  errors,  such  as  off-sets  in  position,  pitch  or 
energy  may  cause  large  trajectory  deviations  from  the  design 
orbit.  An  'unknown'  deviation  in  displacement  and/or  pitch  is 
determined  by  sampling  beam  displacement  at  several  BPMs 
interactively  selected  from  the  input  data  file.  The  values  of  x, 
x',  y,  y'  estimated  from  the  selected  subset  of  the  data  are 
displayed  in  a  window  and  then  used  to  predict  beam  position 
downstream.  This  kind  of  analysis  is  used  in  the  model- 
reference  launch  feedback  system.  Spawned  Codes 

Additionally,  the  beam  ellipse  may  be  determined  from 

using  beam-intrusive  screens/wires  and  by  varying  upstream  Beam  rematching  is  performed  using  the  spawn,  d  code 
quadrupoles.  The  illustration  in  Figure  2  shows  the  simulated  COMFORT.  In  this  application,  a  comparison  of  th>.^  design 
result  of  recording  the  beam  size  at  a  downstream  fluorescent  beam  with  the  unmatched  simulated  beam,  and  ilit-  design 
screen  while  varying  a  single  upsueam  quadrupole  over  a  range  with  the  rematched  I>eam  may  be  displayed.  Quadrupole 

of  values.  The  beam  size  shows  a  minimum  over  variation  in  changes  required  for  the  rematching  can  be  determined  by 
upstream  quad  strength.  Size  data  are  inverted  to  determine  COMFORT. 

beam  Twiss  parameters  [4].  The  difference  between  the  design  RESOLVE  is  used  primarily  to  identify  errors  and  to 
and  the  experimentally  determined  phase  ellipse  are  shown  recommend  remedies.  AIM  (using  RESOLVE)  has  been  used 
(along  with  the  experimentally  determined  Twiss  parameters).  lo  determine  first  order  optical  errors.  The  illustration  m 

Figure  3  shows  x  and  y  displacements  before  and  after  the 
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:  ’location  bfa  magnet  fieid.eirqr  and  ite  adjustment;  The  fault 
,  .^yslsiiuid  recovery  was  performed  using  the  spawned  code 
;;  'T^eibe^  was  initially  analyzed  by  finding  the 

r  subsecUphs.’Of'  the  beamline  that  agreed  with,  design 
^  predictions;  thus  l^izing  the  errors  to  segments  between  the 
’’goddV  sections  [Sj;  T^eh  beaniline  model,  parameters - 
.magnet  fieId;stiehgth;;BPM-  calibrations,  and  their  alignments 
-  in  the  "bad"  ^tions  are  varied  and  the  tnean  square  error 
rniriiniized.to  predctliew  paraiheter  values  which  give  the  best 
;fit  to  the.  me^urk  The  analysis  is  theri  repeated 

with  the  new.values,  the  effect  of  the  located  field  error, on 
the  orbit  is  shown. 


Before 


Figure  3.  Field  Error  Analysis  Displays. 


RESOLVE  may  also  be  used  to  analyze  higher  order 
optical  errors.  The  character  of  an  error  in  the  field  of  a 
septum  magnet  in  the  SLC  electron  damping  ring  is 
determined  by  using  RESOLVE.  The  septum  magnet  was 
modified  after  design  to  add  cooling  channels.  An  electro- 
,  magnetic  kicker  coil  upstream  of  the  septum  magnet  is  varied 
and  the  centroid  tracks  downsueam  of  the  septum  are  studied. 
An  'equivalent'  kicker  at  the  septum  location  is  deduced  from 
the  data.  If  the  septum  magnet  were  a  pure  dipole,  there  would 


be  ho  inferred  differential  'equivalent'  kick.  A  linear  differential 
kick  would  correspond  to  a  quadrupole.  The  results  illustinted 
In  Figure  4  suggest  higher-order,  viz.  more  complicated  field 
effects.  This  problem  is  still  being  investigated. 


Results 
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Figure  4.  Field  Analysis  Result 


V.,  Future  DEVELOPMENT 
Long  term  objective  of  AIM  is  its  software 
implementation  in  a  complete  on-line,  model  reference  control 
system.  The  core  of  this  control  system  software  would  be  a 
real-time  database  RTDB,  such  as  that  developed  for  the  PEP. 
Future  AIM  would  provide  the  analysis,  the  graphics,  displays, 
and  the  software  interfaces  for  the  RTDB,  the  system  software 
between  local  nodes  and  the  RTDB.  "Look  and  adjust" 
analysis  functions  of  AIM  would  be  automated  [6].  Other 
modeling  and  analysis  capabilities  will  also  be  added.  Future 
development  is  being  extended  to  a  UNIX-based  Workstation 
and  with  X-WINDOWS  graphics  interface.  For  example, 
RESOLVE  has  already  been  extended  to  UNIX  (with  X- 
WINDOWS). 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  (SSCL) 
will  have  many  subsystems  that  will  require  real-time  mi¬ 
croprocessor  control;  Examples  of  such  sub-systems  re¬ 
quiring:  reed-time  controls  are  power  supply  ramp  gener¬ 
ators  and  quench  protection  monitors  for  the  supercon¬ 
ducting  magnets.  We  plan  oh  using  a  commercial  mul¬ 
titasking  feaUtime  kernel  in  these  systems.  These  kernels 
must  perform  in  a  consistent  j  reliable  and  efficient  manner. 
Actual  performance  measurements  have  been  conducted 
oh  four  dhierent  kernels,  all  running  on  the  same  hard¬ 
ware  platform.  The  measurements  fall  into  two  categories. 
Throughput  rheasurements  covering  the  “hon-real-time” 
aspects  of  the  kernel  include  process  creation/termination 
times,  ihterprocess  communication  facilities  involving  mes¬ 
sages,  semaphores  and  shared  memory  and  memory  allo- 
cation/deailocation.  Measurements  concentrating  on  real¬ 
time  respohse  are  context  switch  times,  interrupt  latencies 
and‘interrupt  task  response. 

I.  INTRODUCTION 

The  process  of  evaluating  real-time  kernels  from  different 
vendors  can  be  a  cohf^using  experience.  One  is  faced  with 
a  plethora  qf  performahce  numbers  from  the  individual 
vendors’  information. packages,  each  displayihg  superiority 
and  advantages  over  their  competitors.  Each  vendor  in¬ 
variably  measures  performance  numbers  in  different  ways 
and  on  different  hardware  platforms  thus  making  compar- 
irans  almost  meaningless. 

To  compare  and  evaluate  the  different  offerings;  we  per¬ 
formed  our  own  tests  in  a  controlled  environment.  Prod¬ 
ucts  from  the  four  vendors  that  met  our  base  requirements 
were  tested  on  the  same  hardware  platform.  The  platform 
on  which  all  four  vendors  is  supported  is  the  MVME147S-1 
[1];  a  VME  based,  single  board  computer  with  a  25MHz 
68030  from  Motorola.  The  four  kernels  selected,  listed  in 
no  particular  order,  werf  pSOS+  from  Software  Compo¬ 
nents  Group  [2],  VRTX32  from  Ready  Systems  [3],  Vx- 
Works  (v4.02)  from  Wind  River  Systems  [4]  and  LynxOS 
(vl. 21)  from  Lynx  Real-Time  Systems  [5]. 

It  should  be  strewed  that  these  tests  only  provide  quanti¬ 
tative  measurements  of  a  particular  system’s  performance. 
Qualitative  aspects  such  as  development  environment,  de¬ 
bug  capabilities,  connectivity,  compliance  with  industry 

•Operated  by  the  Universities Researcti  Association,  Inc.,  for  the  U.S. 
Department  of  Energy  under  Contract  No.  D&AC02-89ER10486. 
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standards,  technical  support  and  host/target  availability 
will  be  addressed  at  the  end  of  this  paper. 

Each  test  was  executed  a  number  of  times  in  order  to 
compute  the  average  time  to  complete  a  test.  The  entire 
measurement  is  then  repeated  several  times  to  measure 
the  variance  of  this  average  value  in  the  form  of  maximum 
and  minimum  average  values.  Clock  resolution,  number  of 
iterations  and  cache  conditions  were  identical  for  all  four 
kernels. 

II.  THROUGHPUT  MEASUREMENTS 

Throughput  measurements  are  tabulated  in  Table  1  and 
what  follows  is  a  brief  description  of  each  test  as  .it  ap¬ 
pears  in  the  table.  Idiosyncrasies  of  each  kernel  will  also 
be  noted.  An  asterisk  means  that  a  particular  test  could 
not  be  performed  on  that  kernel. 

1.  Creaie/Dehie  TositThis  test  measures  the  time  it  takes 
to  create  and  delete  a  task.  A  task  deletes  itself  as.soon  as 
it  is  created.  The  created  task  has  a  higher  priority  than 
the  creator,  so  the  time  quoted  actually  includes  a 'create, 
start,  delete  and  two  task  context  switches. 

S.  Ping  Suspend/Resume  TaskWovf  priority  task  resumes 
a  suspended  high  priority  task.  The  high  priority  task 
immediately  suspends  itself.  This  measurement  includes 
two  task  context  switches  and  the  time  it  takes  to  suspend 
and  resume  a  task.  There  is  no  facility  to  suspend  and 
resume  a  task  on  LynxOS  apart  from  using  signals.  So 
this  test  was  not  performed,  under  LynxOS. 

S.  Suspend/Resuth  i  asit  This  is  identical  to  previous  test 
except  that  a  high  pri'-'ty  task  suspends  and  resumes  a 
suspended  lower  priority  task  so  that  there;  is  no  context 
switching. 

4.  Ping  Semaphore  Two  tasks  of  the  same  priority  commu¬ 
nicate  with  each  other  through  semaphores.  Task  A  creates 
a  semaphore,  gets  the  semaphore  and  then  creates  Task  B 
which  blocks  when  it  attempts  to  get  the  semaphore.  Task 
A  then  releases  the  semaphore  which  immediately  unblocks 
Task  B.  Task  A  then  attempts  to  get  the  semaphore  which 
causes  it  to  block  until  Task  B  releases  it.  The  two  tasks 
then  alternate  ownership  of  the  semaphore  thereby  causing 
context  switches.  In  our  version  of  VxWorks,  two  separate 
semaphores  are  required  because  round-robin  scheduling  is 
not  supported. 

5.  Geiling/Releasing  Semaphore  The  time  reported  in¬ 
cludes  the  time  it  takes  to  get  and  immediately  release 
a  semaphore  within  the  same  task  context. 

6.  Queue  Fill, Drain, Fill  Urgent  We  first  time  how  long  it 
takes  to  fill  a  queue  with  messages  and  then  we  time  how 
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Table  1:  Throughput  Me^uremehts 


’  Test?p«'cription'  ' 

pSOS+ 

min/max/ayg '//sec 

VRTX32 

min/max/avg  /i^c 

LynxOS 

min/max/avg  /isec 

VxWorks 

min/max/avg  psec 

Create/ Delete  Task  ,  ' 

370/380/371 

♦ 

1378/1446/1423 

Ping  Suspend/Resume  Task  ^ 

* 

174/182/177 

Suspend/ Resume  Task 

80/90/87 

♦ 

mammam 

Ping' Semaphore 

'  210/220/219 

230/250/239 

390/400/397 

228/234/232 

Getting/ Releasing  Serhaphore 

55/56/55 

mmiA 

33/34/33 

Queue,  Fill 

40/50/46 

20/30/26 

136/146/140 

19/21/20 

Queue  Drain 

■K&HEEH 

mmmmm 

21/25/22 

Queue  Fill  Urgent 

Single  Queue  Fill/Drain 

90/93/91 

270/290/278 

jmmmma 

Alternate, Queues  Fill/Drain 

■EniifSTiliVKIinHi 

Allocate  Memory 

40/40/40 

20/30/27 

34/79/57 

67/71/68 

Deallocate  Memory 

mmssmam 

30/40/33 

20/21/20 

82/86/83 

long  it  takes  to  drain  the  queue.  Finally  we  repeat  the 
two  tests  with  priority  messages  i.e.  messages  are  sent  to 
the  , head  of  the  queue.  VxWorks  4.02  does  not  support 
message  queues  but  ring  buffers  with  semaphores  gives  the 
functionality  of  a  message  queue.  LynxOS  uses  SysV  mes¬ 
sage  queues  with  priority  messages  handled  differently. 

7.,  Queue  Fill/Drain  A  single  task  sends  a  message  to  a 
queue  'which  the  task  immediately  receives  on  the  same 
queue.  There  is  no  task  context  switch  nor  is  there  any 
pending  queue  operations.  The  next  test  consists  of  two 
tasks  with  two  queues.  The  two  tasks  alternate  execution 
by  seitding  to  the  queue  that  the  other  is  blocked  waiting  to 
receive  from.  The  total  time  now  includes  context  switches, 
queue  pends  and  sending  plus  receiving  a  message. 

8.  Allocaiing/Deallocaiing  Memory  We  measure  the  time 
it  takes  to  allocate  a  number  of  buffers  from  a  memory 
partition  and  the  time.it  takes  to  return  those  buffers  to 
the  partition. 

III.  REAL-TIME  RESPONSE 

The  Motorola  MVME147S-1  includes  an  auxiliary  timer 
capable  of  generating  interrupts.  A  driver  for  the  timer 
was  written  for  all  four  kernels.  We  quantify  the  real-time 
response  of  the  kernels  by  measuring  the  interrupt  service 
response  and  the  interrupt  task  response.  The  interrupt 
service  response  is  the  time  it  takes  to  execute  the  first  in¬ 
struction  of  an  interrupt  service  routine  (ISR)  from  when 
the  interrupt  occurs.  The  task  response  is  the  time  it  takes 
for  a  user  task  to  resume  execution  from  when  the  inter¬ 
rupt  occurs.  These  measurements  were  taken  over  a  large 
number  of  times  and  the  maximum,  minimum  and  average 
times  are  reported  over  the  span  of  the  test.  The  LynxOS 
was  the  only  kernel  with  a  SCSI  disk  attached  to  it  and 
all  kernels  had  network  attachments  and  a  real-time  clock 
as  other  sources  of  interrupts.  The  source  of  interrupts 
for  the  actual  measurement  was  an  auxiliary  counter  on 


the  MVME147S-1  and  the  measurement  task  runs  at  the 
highest  priority. 

Typically,  a  user  task  is  blocked  waiting  for  a  semaphore 
to  be  released  by  the  ISR.  The  counter  is  programmed 
to  start  counting  up  from  a  preset  value  to  a  maximum 
value  when  it  will  generate  an  interrupt,  resets  itself  to  the 
preset  value  and  begins  counting  up  again.  Each  count 
corresponds  to  6.25  ./js.  The  ISR  then  immediately  reads 
the  counter,  which  gives  the  interrupt  response  time,  and 
then  releases  the  semaphore.  When  the  kernel  reschedules 
the  user  task  after  completion  of  the  ISR,  the  user  task 
becomes  unblocked,  reads  the  counter  which  then  gives 
the  task  response  time. 

IV.  OBSERVATIONS 

pSOS+  is  a  robust  real-time  kernel.  Code  can  be  devel¬ 
oped  on  a  number  of  different  host  platforms  and  down¬ 
loaded  to  the  target  with  the  final  application  stand-alone 
in  ROM.  Software  Components  Group  (SCG)  supports 
pSOS+  on  many  target  systems  and  provides  source  to 
drivers  making  ports  to  specialized  boards  easier.  The 
XRAY-f  debugger,  based  on  the  popular  XRAY  debug¬ 
ger  from  Microtec  [6]  is  capable  of  debugging  target  resi¬ 
dent  optimized  C  source  code  across  ethernet  or  RS-232. 
There  is  also  an  XI 1  interface  which  offers  increased  ver¬ 
satility.  In  addition  to  task-level  breakpoints,  system-level 
breaks  can  also  be  set  at  the  system-level;  stopping  all 
tasks.  This  allows  access  to  the  onboard  monitor  and  the 
state  of  all  pSOS+  objects.  Optional  components  provide 
UNIX-compatible  network  facilities  and  an  ANSI  standard 
run-time  library.  Field  support  was  excellent. 

VRTX,  from  Ready  Systems,  provides  a  full  comple¬ 
ment  of  support  software  in  addition  to  the  VRTX/32  real¬ 
time  kernel.  These  include  packages  for  I/O  file  manage¬ 
ment,  networking,  multiprocessing  and  a  run  time  library 
VRTX  is  supported  on  several  commercially  available  tar¬ 
get  boards  with  supporting  documentation  for  porting 
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Table  2:  Real-Time  Response 


pSOS-b 

"  min/max/avg  psec 

VRTX32 

min/max/avg  psec 

LynxOS 

min/max/avg  pwe 

VxWorks 

min/max/ avg  psec  ^ 

Tnterrupt  Service  Response 

-  67676  ■ 

6/6/6 

13/88/13 

^Interrupt  Task  Response 

100/169/163 

169/343/169 

163/262/175 

119/319/125 

VRTX\  to  customized  boards.  Host  support  currently 
exists  only  for  SUN3/SUN4  with  Sun’s  own  proprietary 
windowing  environment..  The  source  level  debugger  (RT- 
source)  and  the  symbolic  debugger  (RTscope)  can  function 
acrt'ss  ah  ethernet/serial  link  between  the  host  and  target. 
Like  pSOS+,  breakpoints  can  be  set  at  task  as  well  as  sys¬ 
tem  !,?vel.  Tasks  may  be  stopped  and  information  about 
kernel  data  structures  displayed.  A  run-time  shell  with 
dynamic  linking  capability  is  available  for  quick  prototyp¬ 
ing  of  applitations.  Although  somewhat  daunting  to  the 
first-time  user,  VRTX  is  an  extremely  flexible  and  versatile 
system  to  the  initiatedj 

VxWorks  includes  a  proven  real-time  kernel  and  a 
UNIX  cross-development  package  with  extensive  UNIX- 
compatible  networking  facilities.  Version  4.02  supports 
only  a  preemptive  priority  scheduling  kernel  while  V5.0 
offers  in  addition  round-robin  scheduling.  Version  5.0 
also  promises  better  performance  with  some  compliance  to 
Posix  1003.4  Real-Time  Extensions.  VxWorks  currently 
is  ported  to  a  number  of  different  target  boards  with  the 
host  support  fully  implemented  only  on  the  SUN3/SUN4 
systems.  The  source-level  debugger  is  a  remote  debugger 
based  on  the  FVee  Software  Foundation  GDB  [7].  The  de¬ 
bugger  can  only  debug  single  tasks  and  currently  does  not 
have  an  XI 1  interface.  A  symbolic  debugger  with  some 
system  status  displays  is  also  standard.  Dynamic  loading 
of  objects  over  the  network  or  from  a  disk  together  with 
an  interactive  C-interpreter  interface  can  be  useful  during 
the  development  cycle. 

LynxOS  provides  a  complete  Unix  development  environ¬ 
ment.  It  can  also  be  used  for  a  cross-development  system 
like  the  other  three  kernels.  It  offers  good  real-time  per¬ 
formance  with  memory  protection.  LynxOS  1.21  currently 
offers  compliance  to  Posix  1003.1,  SVID  4.2  and  BSD  4.3 
with  future  releases  complying  with  1003.4  Draft  9  (Real- 
Time  Extensions).  It  has  been  ported  to  four  different 
computer  architectures.  It  has  a  Unix  System  V.3  binary 
compatible  interface  built  into  the  LynxOS  kernel  so  that 
binaries  work  under  LynxOS  and  the  standard  Unix  for 
that  architecture  without  modification.  The  debug  en¬ 
vironment  consists  of  GDB  as  the  source-level  debugger. 
There  is  presently  no  kernel  debugger. 

V.  CONCLUSIONS 

It  has  been  our  experience  that  a  compile-download- 
debug  cycle  common  with  all  the  embedded  systems  is  not 
a  major  problem  for  us,  Ethernet  and  NFS  links  make  this 
a  speedy  process. 


It  has  become  apparent  the  importance  of  compliance 
with  standards.  Standards  adherence  makes  code  more 
portable.  We  had  to  effectively  rewrite  all  the  tests  for  all 
the  kernels  because  of  the  interface  differences. 

Another  conclusion  is  the  importance  of  having  a  ma¬ 
ture  debugging  environment,  a  source-level  remote  debug¬ 
ger  with  a  Xll  Windows  interface  that  can  debug  opti- 
naized  code  is  extremely  useful.  A  good  kernel  debugger  is 
also  very  important,  allowing  the  user  to  halt  all  tasks  and 
examine  states  of  any  individual  task  with  relationship  to 
other  tasks. 

After  we  factor  in  the  hardware  differences  between  our 
environment  and  the  individual  vendors’  test  bed,  most  of 
the  timing  results  we  obtain  agrees  surprisingly  well  with 
the  respective  vendors’  published  values. 

Furthermore,  we  realize  that  differences  in  compilers  can 
contribute  to  the  overall  performance  of  the  kernels  and 
will  require  further  investigation. 

Finally,  the  more  hosts  and  targets  that  a  given  cross- 
development  kernel  supports,  the  more  attractive  it  will 
be,  especially  in  a  vastly  heterogeneous  environment  like 
the  SSC. 
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Abstract 

A  DIMS  (u5^  interface  mmagment  system)  has  been  devel* 
oped,  that  is  completely  based  on  non<proprietary  software. 
Cent^  pah  of  our  UIMS  are  processes  (mapper)  that  act  as  uni¬ 
verse  X-clients  for  each  specified  X-server.  Mapper  (graphic 
serVer)  ar^  applications  (graphic  clients)  exchange  requests  by 
w  event  driven  interface.  The  communication  protocol  is  free 
from  any  grai^ical'information.  The  most  powerful  mapper 
client  is  a  form  interpreter,  that  can  be  programed  to  act  as  an 
equipment  access  server,  Mapper  and  form  interpreter  allow 
to  compose  control  panels  and  synoptic  views  of  the  machine 
with  statements  in  a  simple  and  comprehensible  UIDL  (user 
interface  definition  language). 


Introduction 

Ibe  Berliner  Elektroi:enspeicherring-Gesell$chaft  fUr  Syn- 
chrotronstrahlung  m.b.H.  (BESSY)  operates  an  SOOMeV  stor¬ 
age  ring  dedicated  to  the  geiieration  of  synchrotron  light  in  the 
VUV  and  scft  X-ray  region  [1]. 

Currently  a  new  control  system  based  on  a  distributed  com¬ 
puting  environment  is  developed  and  gradually  installed  at 
BESSY  [2].  It  replaces  the  aged  control  system  [3]  of  the 
running  light  source  BESSY  and  has  to  serve  as  the  kernel  for 
the  control  system  of  the  planned  3 generation  light  source 
BESSY  II.  Standards  (IEEE  802.3, 802.4)  or  industry  conventions 
(TCP/IP,  XI  1.4,  etc.)  are  used  wherever  possible.  Large  high 
resolution,  bitmap  miented  colour  graphic  screens  with  mouse 
and  keyboard  will  become  the  standard  operator  console. 

For  a  period  of  time  old  and  new  control  system  have  to 
be  operated  in  parallel  to  supply  a  reliable  and  unperturbed 
operation  of  the  ruiming  light  souioe.  That  imposes  constraints 
and  structural  elements  to  the  n-'-w  system.  Different  aspects 
of  the  old  system  have  their  eff('.ct  on  a  new  user  interface: 

•  The  mental  image  (metaphor)  must  contain  the  existing 
control  structure. 

•  Appearance  characteristic  (the  look)  has  to  be  as  similar 
to  the  familiar  system  as  possible. 

*Now  at  Dr.Bnmlhaler,  Industrielle  Infoimattonssysteme,  Berlin 


•  Interaction  sequencing  (the  feel)  must  take  into  account 
the  experience  and  habits  of  trained  and  skilled  operators. 

•  Well  established  driving  and  diagnostic  programs  will  be 
ported  to  the  new  system  with  minimal  effort.  In  a  first 
stage  they  go  into  operation  running  in  an  ordinary  ter¬ 
minal  window. 

Therefore  our  development  is  more  in  a  danger  to  produce 
a  replica  of  the  existing  system  on  a  modem  platform  than  to 
have  any  innovative  impact  on  developments  in  other  labora¬ 
tories. 

Nevertheless  the  basic  concept  of  our  new  man  machine 
interface  system  is  of  general  interest: 

•  Associated  with  every  XI 1  display  station  is  a  central 
graphics  server  program  we  call  mapper,  whose  services 
have  to  be  claimed  by  any  application  program.  That 
program  hides  representational  aspects  completely  from 
the  applications. 

•  User  interactions  can  assign  code  fragments  m  an  action 
language  to  variables  of  a  special  application  program  we 
call /orm  interpreter.  Any  access  to  the  equipment  can 
be  specified  and  evaluated  within  this  action  language. 

•  Only  non  proprietary  software  has  been  used.  We  are 
not  bothered  by  licence  policies  and  independent  of  any 
company. 

The  Graphics  Server 

Characteristic  for  any  UIMS  (user  interface  management  sys¬ 
tem)  is  the  separation  of  code  that  implements  the  user  inter¬ 
face  to  an  application  and  the  code  of  the  application  itself. 
The  specification  of  the  user  interface  is  supported  at  a  high 
level  of  abstraction. 

The  most  common  approach  is  to  ‘paint’  the  user  interface 
representation  with  an  interactive  editor.  Semantics  and  spec¬ 
ification  of  the  interface  to  the  application  is  usually  added  ir> 
a  special  purpose  language.  Only  at  this  stage  modularity  of 
software,  separation  of  code  for  the  graphical  tasks  and  the 
code  of  the  application  itself  is  given.  A  user  interface  builder 
program  bin^  the  elements  to  the  final  application  program. 


0-7803-0135-8/91S01.00  ©IEEE 
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Every  application  encoiporates  its  own  representational  part 
It  Iws  to  be  recompiled  whenever  a  change  becomes  necessary. 

In  our  system  modularity  with  respect  to  representation  and 
application  functionality  is  especially  emphasized.  The  repre¬ 
sentational  aspects  are  encapsulated  within  a  separate  server 
program  we  c^  mapper.  From  the  application  programs  point 
of  view  the  running  graphic  server  (mapper)  is  the  frontend 
procMs  that  ‘knows’  how  to  present  application  vartebles  on 
the  associated  display  and  that  reports  user  interactions  in  an 
‘understandable’  way. 

An  application  programmer,  who  wants  to  offer  variables 
to  user  interactions  has  to  build  up  and  maintain  a  connection 
(based  on  a  socket  link)  to  the  mapper  of  the  desired  interaction 
display.  The  corresponding  software  interface  is  a  complex 
objwt  we  call  application  form  interface  (Fig.  1).  Routines 
and  data  sumetures  necessary  for  the  dialog  have  to  by  linked 
to  the  application  program  and  are,  provided  by  a  library. 


Figure  1:  Details  of  the  Graphic  Server 

Whenever  an  application  that  has  no  connection  to  a  display 
requests  access,  the  associated  mapper  reads  specified  config¬ 
urational  instructions,  that  are  stored  in  a  static  (for  the  time 
of  the  applications  life)  database  of  files  we  call  forms  (Fig. 
1).  The  forms  specify  assignments  of  graphical  representa¬ 
tions,  user  interactions  and  permissions  to  modify  application 
variables.  The  syntax  of  the  forms  has  been  defined  by  lex 
and  yacc  source  files. 

A  logical  connection  is  build  up  between  objects  the  map¬ 


per  creates  from  the  form  template  (the  form  instances)  both 
within  mapper  and  application  (see  Fig.  2  for  a  sample  applica¬ 
tion  program).  The  application  specific  data  structures  of  the 
form  instances  and  the  eventdriven  communication  protocol 
form  the  interface  between  application  and  user  interactions 
(mediated  by  the  mapper  process). 

As  long  as  the  connection  exists  the  mapper  acts  as  a  super¬ 
visor.  Any  event  from  application  and  user  is  reported  to  the 
mapper  process.  The  mapper  takes  care  of  a  consistent  state  of 
representational  and  applicational  objects  and  variables.  In  the 
usual  operation  mode  the  mapper  keeps  the  form  templates 
in  memory  even  after  a  connection  has  been  cleared.  After 
a  phase  of  initialisation  this  type  of  ‘down  load’  of  the  GUI 
improves  response  times  drastically. 

Presently  the  representational  objects  get  their  views  and  in¬ 
teraction  feasibilities  by  means  of  the  Interviews  toolkit  [4], 
Slight  modifications  (pointer  grabbing,  polling)  had  to  be  in¬ 
troduced  to  the  standard  distribution  to  adopt  the  version  2.6 
package  to  our  needs. 

Our  first  application  program  was  a  slider,  that  can  be  config¬ 
ured  to  control  any  analog  device.  Then  no  further  individual 
application  program  has  been  written. 

Generally  application  variables  are  used  to  notify  to  the  ap¬ 
plication,  that  a  specific  action  should  be  performed.  On  a  next 
level  of  abstraction  the  code  of  the  required  action  is  no  more 
part  of  the  application,  but  it  is  assigned  to  the  variable  that 
should  initiate  the  action.  Evaluation  and  execution  of  the  code 
is  then  done  by  an  interpreter,  The  result  of  this  abstraction  is 
a  programmable  application  we  call/orm  interpreter. 

The  Form  Interpreter 

Initially  the  form  interpreter  application  was  intended  to  supply 
a  flexible  tool,  that  allows  to  compose  a  variety  of  control  pan¬ 
els  and  synoptic  views  of  the  machine  by  means  of  the  static 
forms.  Representation  of  the  form  is  still  provided  by  the  map¬ 
per,  the  description  of  the  semantic  aspects  is  interpreted  by 
the  form  interpreter.  The  available  sets  of  application  variables 
reflect  the  usable  functionality. 

•  Forms  are  handled  (e.g.  freeze,  unmap,  position). 

•  Subforms  are  interpreted  and  handled,  trees  of  forms  are 
generated  and  managed. 

•  Actions  specified  in  an  action  language  are  started,  the 
context  of  the  actions  is  specified. 

•  Periodic  actions  are  scheduled,  time  instances  are  re¬ 
ported. 

•  Background  processes  are  started  and  terminated. 

•  Forms  are  submitted  to  different  displays. 

•  Gateways  to  networks  on  the  field  level  are  selected. 

The  elements  of  the  interpreted  action  language  are  very 
similar  to  those  of  ‘C’.  Certain  restrictions  in  the  declaration 
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imve  to  les^ted.  Some  statements  like  switch 
are  ;n6t  flowed,  the  use  of  labels  heeds  some  care. 
.^  syntax  of  the  action  language  is  very,  familiar  to  ‘C’  pro- 
;graminefs.  Bi^t-ih,  tocdons  are  , some. pften.  m  routines 

^m;&e.C  iibraiy  and  utilities  to  chwge  the  operational  mode 
oi'  support  the  form  handling  of  the  form;  inteipretcr  itself. 

Communication  with  the  equipment  is  enabled  by  the  built- 
in  library  of  equipment  access  calls.  At  BESSY  this  library 
is  the' standard  interface  between  ,  application  programs  and 
equipment  With  the  equipment  access  calls  equipment  can 
be  checked  and  manipulated,  thus  the  composition  of  synop¬ 
tic  views  and  control  panels  becomes  feasible. 

in  a  client-server  model  the  form  interpreter  is  the  equipment 
access  server  to  abstract  clients,  namely  the  synoptic  views  and 
control  panels  specified  in  the  database  of  forms. 


■  ^DjfiiamieTabU  of  Settings'  , 


Figure  2:  Copies  of  the  Form  Interpreter  at  Work 

Another  set  of  internal  functions  supports  the  interprocess 
communication  needed  for  the  dynamic  configuration  of  equip¬ 
ment  lists.  These  lists  sets  up  the  entiir^s  of  a  table  managed 
by  a  specific  form.  That  form  displays  (on  demand  or  peri¬ 
odically)  the  settings  of  pieces  of  equipment,  that  have  been 
entered  to  the  list.  The  user  can  store  and  retrieve  his  favourite 
(once  dynamically  generated)  equipment  list  as  well  as  switch 
quickly  between  different  lists. 

In  principle  the  slider  control  application  could  be  realized 
simply  by  a  form  that  programs  the  form  interpreter  to  execute 
the  desir^  actions.  It  will  depend  on  the  programs  complexity 


pd  the  programmers  skillsi  whether  it  is  advantageous  to  write 
a  new  application  in  a  high  level  language  to  become  a  separate 
mapper  client  or  in  the  interpreted  action  language  within  a 
new  form. 

The  Graphical  User  Interface 

A  graphic  editor  that  could  be  used  to  compose  or  modify  syn¬ 
optic  views  or  panels  is  not  provided  for  by  pur  QUI  system. 
The  definition  of  our  GUI  is  given  in  a  textual  form.  Our  own 
UIDL  is  especially  appropriate  to  associate  user  interactions 
with  actions  that  include  equipment  access.  In  our  forms  com¬ 
plex  GUI  objects  are  describ^  in  a  comprehensible  way.  The 
tool,  that  is  suited  best  to  extend  and  maintain  the  GUI  and 
that  reflects  the  power  and  flexibility  of  our  system  is  a  plain 
text  editor. 

Based  on  two  application  programs,  the  form  interpreter  and 
the  slider  control,  a  GUI  has  been  composed  with  about  S3(X) 
lines  of  statements  in  our  UIDL,  that  provides  all  synoptic 
views  and  interaction  tools  to  the  operators,  that  are  today 
available  with  the  raster  scan  monitors,  tracker  balls,  angle 
encoders  and  terminal  screens  of  the  old  control  system. 

Summary 

The  concept  of  a  graphics^  server  and  a  form  interpreter  al¬ 
lows  to  shape  the  man  machine  interface  in  a  descriptive  way. 
Appropriate  to  the  level  of  abstraction  in  our  UIMS  a  specific 
UIDL  had  to  be  introduced  like  in  other  systems.  This  is  a  dis¬ 
advantage  because  the  usual  programmer  is  not  familiar  with 
this  language.  But  in  contrast  to  commercial  systems  we  are 
in  a  position  to  modify  and  extend  language  and  functionality 
easily,  since  everything  is  present  in  source  code. 

The  use  of  the  object  oriented  toolkit  Interviews  for  the 
realisation  of  graphical  instances  made  programmers  life  easy. 
But  to  keep  in  step  with  current  user  interface  developments  it 
will  become  necessary  to  base  the  representations  of  our  GUI 
on  Xt  and  the  OSF/Motif  widget  set.  In  principle  this  is  no 
problem,  but  it  means  much  work  to  compose  the  required 
graphical  objects  already  offered  by  Interviews  (e.g.  tray, 
nonlinear  deformation)  within  the  usual  Motif  environment  of 
Xlib  calls,  Xt  elements  and  the  OSF/Motif  widget  set 
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Abstract 

The  Advanced  Photon  Source  (APS),  now  under 
construction  at  Argonne  National  Laboratory,  will  have  a  control 
i^stem  employing  graphics  workstations  at  the  operator  interface 
level  and  VM^ascd  microprocessors  operating  with  a 
distributed  database  at  the  field  level.  The  alarm  handler  is  an 
application  utUirJng  X-Windows  running  on  one  or  more 
operator  interface  workstations  which  monitors  alarms 
generated  by  the  VME-based  miaoprocessors.  Alarms  can  be 
grouped  in  a  hierarchical  maruier.  The  operator  can  monitor, 
acknowledge,  and  mask  alarms  either  individually  or 
aggregately.  Alarm  changes  of  state  and  all  operator 
rnodiflcations  are  logged.  When  alarms  occur,  display  windows 
arc  automatically  generated  conveying  system  and  subsystem 
relationships  and  severity.  Menus  are  used  to  modify  the  alarm 
action  conflguration  files  and  to  obtain  help.  Since  alarm  groups 
arc  defined  via  an  alarm  configuration  file,  the  alarm  handleris  a 
geiieral  purpose  application  wliich  can  be  customized  to  monitor 
a  single  subsystem  or  configured  to  monitor  the  entire  accelerator 
complex. 

I.  INTRODUCTION 

The  APS  control  system  uses  the  Experimental  Physics  and 
Industrial  Control  System  (EPICS)  software.  The  original 
version  of  EPICS  was  developed  by  the  Controls  Group  of  the 
Accelerator  Technology  Division  at  Los  Alamos  National 
Laboratory  (LANL).  EPICS  is  currently  being  co-developed  by 
the  LANL  group,  and  by  the  APS  Controls  Group. 

EPICS  is  a  distributed  control  system  consisting  of  Operator 
Workstations  and  front  end  Input/Output  Controllers  (lOCs)  all 
linked  via  a  local  area  network.  Each  IOC  contains  a  memory 
resident  database  composed  of  an  arbitrary  number  of  records.  A 
software  layer  called  Channel  Acce.ss  provides  transparent 
network-wide  access  to  the  IOC  databases.  A  record  within  a 
database  is  referenced  via  the  fteld  of  ’’channel  name”.  Each 
record  contains  alarm  status  and  severity  fields.  Whenever  a 
record  is  processed  alarm  conditions  are  checked.  Software 
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residing  anywhere  on  the  local  network  can  request  notification 
whenever  alarm  conditions  change  (value  changes  and  archive 
changes  can  also  be  monitored).  The  Alarm  Handler  (ALH), 
which  is  an  Operator  Interface  tool,  rises  this  mechanism. 

Because  of  the  complexity  of  an  advanced  accelerator 
system,  many  hardware  devices  and  thousands  of  IOC  channels 
need  to  be  monitored.  The  ALH  allows  the  operator  to  quickly 
identify  groups  and  channels  entering  an  alarm  state, 
acknowledge  alarms,  disable  alarms,  log  alarms,  etc.  It  provides 
a  useful  tool  to  help  assure  normal  operation  of  the  accelerator 
system. 

This  paper  briefly  describes  how  alarms  are  configured, 
what  information  is  displayed,  and  how  the  operator  interacts 
with  the  ALH. 

n.  ALARM  CONHGURATION 

The  ALH  is  a  general  purpose  too)  that  can  monitor  alarms 
from  subsystems  as  well  as  an  entire  facility.  The  ALH  accepts  as 
input  an  Alarm  Configuration  File,  which  determines  the  set  of 
channels  to  be  monitored.  An  alarm  configuration  file  defines  a 
set  of  alarm  groups.  Each  group  coasists  of  a  set  of  lower  level 
groups  and/ordatabase  channels.  Each  group  is  assigned  a  name. 
Figure  1  gives  an  example  to  demonstrate  the  hierarchy  of  an 
alarm  configuration. 

In  this  example,  the  system  to  he  monitored  is  a  Linac  and 
only  a  subset  of  the  Alarm  Configuration  groups  are  shown.  The 
whole  configuration  is  just  a  repetition  of  groups  which  are 
linked  together  to  form  a  tree  structure.  Each  group  is  composed 
ofa  list  of  subgroups  and/or  IOC  channels.  Each  group,  except 
the  main  group  (Linac  in  Hgure  I),  has  a  parent  group.  The 
lowe.st  ’leaf’  groups  contain  only  channels.  A  complete  branch 
of  a  link  of  subgroups  always  terminates  at  10Cciiannels(like  the 
Coin  in  Figure  1). 

III.  GROUP  DISPLAY  WINDOW 

Each  group  has  an  associated  display  window  containing  a 
line  for  each  subgroup  and  each  channel  in  the  group.  Each  line 
(subgroup  or  channel)  contains  the  following  items: 
Acknowledgement  button.  Severity  character.  Name  of 
subgroup  or  channel,  and  a  mask.  A  subgroup  line  also  shows 
how  many  channels  in  that  group  are  at  each  alarm  severity.  A 
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Figure  I,  Hxsmple  hiertrehy  of  «n «tarm configurelion. 


channel  line  shows  (he  current  status  and  severity  and  the  highest 
unacknowledged  status  and  severity. 

The  acknowledgement  button,  which  is  color  coded,  is 
shown  only  if  the  group/line  has  gone  into  alarm  state  and  has  not 
been  Kknowledged  by  the  operator.  The  alarm  severity 
character,  which  is  aI.so  color  coded,  .shows  (he  highest  severity 
outstanding  alarm  for  the  group/channel. 

The  alami  mask,  which  is  given  defaults  in  the  configuration 
file  and  can  be  dynamically  changed  by  the  operator,  defines  (he 
following  attributes;  Add/Cancel,  Enable/Disable,  Ack/NoAck, 


Ack/NoAck  transient,  and  Log/NoLog.  If  an  alarm  is  canceled 
then  the  ALH  is  no  longer  notified  by  the  IOC  when  a  channel 
changes  alarm  state.  If  an  alarm  is  disabled  then  it  always  appears 
to  be  In  no  alarm  state.  NoAck  specifies  (hat  the  qierator  is  not 
required  to  acknowledge  alarms  for  the  group/channel.  NoAck 
traasient  .specifies  that  an  automatic  acknowledgment  occurs  if  a 
group/channel  goes  into  alarm  and  comes  out  before  (he  operator 
lias  a  chance  to  acknowledge.  If  NoLog  is  specified,  changes  of 
alarm  state  are  not  logged.  Mask  settings  for  a  group  apply  to  all 
channels  in  (he  group, 

The  ALH  provides  guidance  information  about  each  group 
and  channel.  Tlw  guidance  information,  which  is  specified  in  the 
configuration  file,  can  help  an  operator  quickly  identify  and 
correct  the  cause  of  an  alarm. 

IV.  USER  INTERFACE 

The  user  interface  Is  impUmentcd  via  the  OSF/Motif  toolkit. 
Most  ALH  functions  are  invoked  via  the  workstation  mouse. 
The  appropri.ste  window  display  pops  up  according  to  the  user 
specified  actions.  Selection  menus  are  in  the  form  of  pulldown  or 
popupmenus.  File  selection  is  via  file  selection  dialog.  Help  and 
dialog  information  is  presented  via  menu  aixl  message  dialogs. 

figure  2  gives  (he  key  ALH  user  interface  components. 
They  are  represented  by  three  windows;  Icon,  Setup,  and 
Group/Subgroiip.  Each  push  button,  i.e.  active  area,  is  enclosed 
in  a  rectangular  box. 


Icon  Window  Setup  Window 


ALH  (Alarm  Handler) 

ALH  -Setup 

1  ALH-default.confiEl 

_ 

Group  Window 


Main  Group /Sub  Group  Name 


a  S 


a  S  IChannel  Namel 


<mask>  sev=value  .  .  . 


<mask>  <last  stat  &  sev>  <Iugh  NOAck  stat  &  sev  > 


Figure  2.  The  key  user  interface  components  in  the  ALH. 
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4.  Icon  Window 

The  Icon  window  appears  whenever  the  ALH  is  running. 
The  Icon  window  contains  a  stngle  control  push  button.  This 
cooirol  button  reflects  the  name  of  the  configuration  file. 
Pushing  this  control  button  pops  up  the  setup  window,  the  main 
group  window,  and  possible  lower  level  subgroup  windows. 
Toggling  this  control  button  alternatively  unmaps/remaps  the 
lower  level  di.splay  windows.  When  any  unacknowledged  alarm 
is  outstanding  the  control  button  starts  blinking  and  beeping.  It 
ba.s  a  color  reflecting  the  severity  of  the  highest  outstanding 
alarm. 

B,  Setup  Window 

The  setup  window  contains  three  control  buttons:  Setup, 
View,  and  Silence.  Setup  allows  the  operator  to  specify  the 
following;  configuration  file,  alarm  log  file,  operator 
modification  log  file  It  also  allows  the  operator  to  save  the 
current  configuration,  set  aseverity  for  beeping,  orexit  the  ALH. 
View  opens  a  text  window  which  dynamically  displays  all 
information  written  to  the  log  file.  If  unacknowledged  alarms  are 
outstanding,  the  silence  button  can  be  used  to  stop  beeping. 

C.  Group  Windows 

Each  group  window  shows  the  status  of  each  subgroup  and 
channel  in  the  group.  The  window  display  strategy  is  to  display 
an  alarmed  channel  as  quickly  as  possible.  When  a  group 
window  is  di.splayed,  if  exactly  one  subgroup  is  in  alarm  state, 
that  subgroup  is  aho  displayed,  etc.  The  operator  can,  however, 
select  any  subgroup  name.  In  this  case,  any  lower  level  windows 
being  di.spls.y:)d  are  removed  and  the  selected  subgroup  is 
displayed. 

The  ma.sks  pulldown  menu  provides  options  for  showing 
group  masks,  and  changing  group  masks.  The  guidance 
pulldown  menu  provides  options  for  showing  group  guidance 
and  accessing  online  help  information. 

Pu.shing  an  acknowledgement  button  acknowledges  the 
channel  or  subgroup,  and  updates  the  window  display. 
Acknowledging  a  group  is  an  implied  acknowledgment  for  all 
subgroup.s  and  channels  in  the  group.  Pushing  a  subgroup  name 
pops  up  the  subgroup  window.  Pushing  a  channel  name  button, 
presentsamenuprovidingoptionsfordisplayingchannel  details, 
for  changing  channel  masks,  arxl  for  displaying  channel  guidance 
or  help  information. 


V.  REQUIREMENTS 

The  ALH  was  implemented  on  a  SUN  workstation  using  the 
X  window  system  and  the  OSF/MOTIF  toolkit.  It  requires  a 
color  monitor  with  X  graphics  capability. 

The  key  ti^  successful  use  of  the  ALH  is  the  alarm 
configuration  file.  Alarm  groups  must  be  defined  so  that  they 
properiy  model  the  system  being  monitored.  A  systematic  group 
naming  convention  should  be  adopted  so  that  operators  caneasily 
understand  each  display  window. 

VI.  CONCLUSION 

Prel  iminary  te.sting  of  the  ALH  with  a  test  IOC  database  has 
been  performed.  The  test  results  show  that  the  ALH  can  be  a  very 
useful  alarm  monitoring  tool.  It  displays  subsystem  groups  and 
channels  acconling  to  easily  defined  configuration  files.  It 
brings  alarms  to  the  operator’s  attention,  allows  the  operator  to 
acknowledge  alarms,  logs'  alarms,  records  all  operator 
modifications,  and  provides  optional  guidance  information.  The 
ALH  is  a  general  purpose  tool  which  can  monitor  a  single 
subsystem  or  a  complete  accelerator  complex. 

The  ALH  is  installed  and  being  used  in  the  Los  Alamos 
Ground  Test  Accelerator  Facility.  The  performance  of  the  ALH 
with  a  very  large  configuration  file  has  not  yet  been  tested  but  its 
design  should  provide  good  performance. 

The  alarm  group  configuration  concept  allows  alarms  to  be 
filtered  hierarchically.  It  allows  the  operator  to  see  the  summary 
of  various  alarmed  groups,  'rhis  automatically  prevents  the 
operator  from  being  flooded  with  alarm  messages  when  alarm 
storm  occurs. 
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Abstract 

The  Correlation  Plot  facility  is  a  powerful  interactive  tool 
for  data  acquisition  and  analysis  throughout  the  SLC.  A 
generalized  interface  allows  the  user  to  perform  a  wide  va¬ 
riety  of  machine  physics  experiments  without  the  need  for 
specialized  software.  It  has  been  used  extensively  during 
SLC  commissioning  and  operation. 

The  user  may  step  one  or  two  independent  parameters 
such  as  magnet  or  feedback  setpoints  while  measuring  or 
c^culating  up  to  160  others.  Measured  variables  include 
all  analog  signals  available  to  the  control  system  as  well 
as  a  variety  of  derived  parameters  such  m  beam  size  or 
emittance.  Various  fitting  algorithms  and  display  options 
are  provided  for  data  analysis. 

A  software-callable  interface  is  also  provided.  Applica¬ 
tions  based  on  this  facility  are  used  to  phase  klystrons, 
measure  emittance  and  dispersion,  minimize  beam  size  at 
the  interaction  point  and  maintain  beam  collisions. 

Introduction 

During  the  development  of  the  SLC,  the  wide  variety  of 
machine  experiments  to  be  performed  required  software  to 
allow  the  online  acquisition,  analysis,  and  display  of  a  large 
number  of  different  types  of  information.  Rather  than  de¬ 
sign  and  develop  a  different  piece  of  code  for  each  combina¬ 
tion  that  might  be  of  interest,  the  Correlation  Plot  facility 
was  planned  as  a  generic  utility  where  many  different  types 
of  information  could  be  obtained  from  a  large  number  of 
different  devices.  It  was  also  designed  to  be  easily  extensi¬ 
ble  as  new  types  of  data  were  required.  Due  to  the  initial 
success  in  the  implementation,  a  callable  interface  was  pro¬ 
vided  so  that  other  packages  could  take  advantage  of  the 
plotting  and  fitting  functions  provided.  This  also  provides 
a  more  consistent  interface  for  other  parts  of  the  control 
system. 

Organization 

The  main  components  of  the  Correlation  Plot  facility  are: 

•  A  general  control  package  that  can  step  the  setpoints 
of  magnets,  klystrons,  feedback  loops,  timing  param¬ 
eters  and  other  devices. 

•Work  supported  by  the  Department  of  Energy,  contract  DE5- 
AC03-76SF00515 
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•  A  general  data  acquisition-package  that  can  acquire 
information  from  a  variety  of  sources,  including  high- 
level  parameters  derived  from  analysis  of  klystron  fast 
time  plots  or  wire  scans. 

•  A  variety  of  curve  fitting  algorithms,  including  aver¬ 
age,  linear,  polynomial,  gaussian,  sinusoidal,  and  the 
specialized  beam  deflection  curve. 

•  A  general  plotting  package  to  display  the  acquired  and 
fitted  data.  Th'i  sampled  data  may  be  plotted  against 
the  step  variable,  any  of  the  sampled  quantities  or  the 
step  number. 

For  data  acquisition,  the  user  may  select  either  manual  or 
automatic  mode.  In  automatic  mode,  the  software  runs  the 
step  variables  through  a  range  determined  by  the  operator. 
In  manual  mode  the  operator  requests  a  data  point  by 
pressing  a  button  on  the  touch  panel.  At  each  of  the  steps, 
the  acquisition  may  wait  a  specified  settling  time  before  all 
of  the  sampled  data  is  acquired. 

Interfaces 

Touch  panels 

The  Correlation  Plot  facility  is  an  integral  part  of  the  SLC 
Control  Program  (SCP)[4].  The  main  user  interface  is  by 
means  of  touch  panels  although  the  same  functionality  may 
be  provided  by  a  mouse,  track  ball  or  cursor  keys,  depend¬ 
ing  on  the  hardware.  The  main  panel  provides  buttons 
for  specifying  the  step  and  sample  variables,  selecting  the 
range  of  the  step  variable,  and  setting  other  acquisition  pa¬ 
rameters.  A.  generalized  input  parser  interprets  the  input 
in  a  context  sensitive  manner  where  the  meaning  of  each 
token  depends  on  the  valid  tokens  already  accumulated. 
At  any  point  a  list  of  the  valid  responses  may  be  requested 
to  guide  the  user. 

From  the  touch  panel  and  keyboard,  the  user  may  initi¬ 
ate  data  acquisition,  terminate  acquisition  or  temporarily 
pause  during  an  acquisition  sequence.  After  data  is  ac¬ 
quired,  display  panels  allow  selection  of  fit  and  plotting 
options.  The  user  may  request  displayed  or  printed  plots 
as  well  as  tabular  displays.  Capability  is  provided  for  users 
to  manually  exclude  or  include  selected  data  points  and  re¬ 
calculate  fit  parameters.  An  au.xiliary  output  panel  allows 
the  user  to  save  data  to  disk  files  in  various  formats  for 
subsequent  offline  analysis.  An  option  is  also  provided  to 
reload  previously  stored  data  files  for  further  analysis  and 
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^display.  InVthe'sarrie>,TnaMer,,the  set  of  control  and  saih- 
‘pled'.-vafiables:mayTbe‘saved'and’ reloaded. 

T  vifegeneric  optimization  ^feature  is  also  available;,  users 
iinay  setiup  a  correl^iori  plot  td  vary  a  step  variable,, obta,ih 
sampled-data  for.  each-point,  fit  a  parabola  to  the  data  and 
-implement'the  walue'df  the  step  variable  which  results  in 
‘the  fitted  mjriihiumi 

Galiableiroutihes 

All'df  the  actions  that  are  accessible  via  the  operator  in¬ 
terface  are  also'available  to  software  control.  This  makes 
it  very  easy  to  develop  a  layered  application  using  well 
known  building'blocks.  Callable  fuiictions  support  setting 
up  variables  and  other  data  acquisition  options  and  ac¬ 
quiring  data.  Applications  may  retrieve  the  data  after  it 
is  acquired,  or  request  data  fitting  and  retrieve  the  fit  pa¬ 
rameters.  Routines  are  also  provided  to  select  plots  for 
display.  Some  applications  acquire  data  through  special¬ 
ized, protocols  and  then  use  the  correlation  plots  for  fitting 
and  display  functions. 

Capabilities 

Monitoring 

Correlation  plot  support  is  provided  to  measure  or  cal¬ 
culate  a  wide  variety  of  data.  TJp  to  160  variables  may 
be  sampled  within  a  single  acquisition  sequence  and  up 
to  100  data  points  are  saved  for  each.  Measured  parame¬ 
ters  include  beam  related  data  from  position  monitors  or 
toroids,  analog  values  from  devices  such  as  klystrons,  mag¬ 
nets,  thermocouples,  vacuum  pumps,  etc.  and  the  current 
time.  For  klystrons,  in  addition  to  simple  analog  values 
the  user  may  sample  values  derived  from  an  analysis  of  a 
64  pulse  Fast  Time  Plot  such  as  phase  and  amplitude  jit¬ 
ter,  energy  gain  of  the  station  or  perveance.  This  makes 
it  possible  to  quickly  scan  the  energy  gain  as  a  function  of 
klystron  phase  to  find  the  optimum  setting,  or  to  map  out 
buncher  jitter  as  a  function  of  phase  shifter  setting  in  the 
SLC  injector. 

Other  calculated  quantities  available  include  energy,  en¬ 
ergy  spread,  particle  yield  and  beam  position  or  deflection 
angle  at  the  IP.  Residual  dispersion  at  the  collision  point 
may  be  measured  non-invasively  by  correlating  position 
and  angle  at  the  IP  with  energy  fluctuations.  In  addition, 
interfaces  to  other  applications  allow  sampling  of  various 
derived  quantities  such  as  beam  states  calculated  by  feed¬ 
back  and  beam  sizes,  emittance  and  skew  parameters  de¬ 
termined  from  wire  scans,  beam  scans,  or  profile  monitor 
digitizations.  These  quantities  are  used  in  a  wide  variety  of 
beam  optimization  procedures  Finally,  a  generic  data  ac¬ 
quisition  capability  allows  user-provided  ASCII  command 
procedures  to  be  used  in  data  acquisition,  this  allows  easj 
expansion  to  accommodate  devices  which  are  not  standard 
for  the  SLC  control  system. 


Figure  1:  Results  of  2  Variable  Plot 

Control 

The  user  may  select  to  use  either  one  or  two  step  variables. 
Most  of  the  variables  available  to  software  control  have 
been  implemented.  These  include: 

•  Setpoints  of  magnets  or  other  analog  control  devices 

•  Klystron  setpoints,  including  amplitude,  phase,  and 
timing 

•  Timing  delays  for  any  triggered  devices 

•  Combinations  of  devices  through  the  Multiknob  facil¬ 
ity 

•  Setpoints  of  feedback  loops  stabilizing  the  beam  [3][1] 

•  Time 

For  many  experiments,  the  Time  step  variable  provides  a 
simple  delay  between  samples  in  order  to  study  the  time 
structure  of  variations  in  normal  running.  Users  can  study 
correlations  between  sampled  variables  without  modifying 
any  control  parameters.  Most  of  the  time  only  one  step 
variable  is  used,  so  a  third  has  not  been  considered  nec¬ 
essary.  When  two  step  variables  are  used,  they  define  a 
grid  of  values  and  the  second  is  stepped  through  the  whole 
range  for  each  setting  of  the  first.  A  display  for  two  step 
variables  is  shown  in  Figure  1. 

Data  reduction 

To  aid  in  the  analysis  of  ihe  data,  a  variety  of  fitting  rou¬ 
tines  may  be  used.  These  include  average,  linear,  poly¬ 
nomial,  sinusoidal,  gaussian  and  beam  deflection  fits.  The 
selection  of  fitting  algorithms  may  be  accomplished  by  user 
selection  from  the  touch  panel  or  by  application  software. 
Figure  2  shows  the  special  beam-beam  deflection  fit  which 
is  Used  for  optimizing  collisions  and  estimating  beam  size. 
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Figure  2:  Fitting  of  Beam-Beam  Deflection 

Applications 

Various  software  applications  used  in  the  SLC  have  been 
built  upon  capabilities  of  the  Correlation  Plot  facility.  Au¬ 
tomated  wire  and  beam  scan  applications  are  used  to  op¬ 
timize  beam  properties  at  the  interaction  point  and  min¬ 
imize  spot  size.  Auto  beam  collision  software  brings  the 
beams  into  collision  at  the  interaction  point  and  provides 
calculations  of  beam  sizes  and  luminosity.  In  several  loca¬ 
tions  throughout  the  SLC,  wire  scan,  applications(2]  pro¬ 
vide  measurements  of  emittance  parameters  and  beam 
skewness.  Another  emittance  package  determines  beam 
parameters  by  varying  quadrupoles  and  measuring  wire 
scan  or  digitized  profile  monitor  data.  A  general  pack¬ 
age  supports  dispersion  measurements  throughout  the  ma¬ 
chine,  In  the  Linac,  an  automated  application  is  used-to 
determine  optimal  phases  for  the  240  klystrons. 

Figure  3  is  produced  by  an  application  which  optimizes 
the  interaction  point  waist  position.  For  this  plot,  each 
point  of  the  Y  axis  represents  a  beam  width-squared  as 
determined  by  a  beam  scan  deflection  fit.  Each  X  axis 
point  is  a  setting  for  a  multiknob  which  adjusts  the  final 
quadrupoles  to  move  the  focal  point  along  the  beam  line. 
The  center  of  the  parabola  is  the  optimal  waist  position 
for  the  beam. 

Conclusions 

The  Correlation  Plot  facility  has  proven  to  be  an  extremely 
powerful  tool  for  the  analysis  of  the  new  problems  associ¬ 
ated  with  the  commissioning  of  the  SLC  and  for  build¬ 
ing  software  applications.  The  flexibility  provided  by  the 
different  types  of  variables  that  may  be  controlled  and 
monitored  has  allowed  operators  and  machine  physicists 
to  rapidly  design  and  execute  a  vast  assortment  of  experi¬ 
ments  without  new  software.  In  fact  the  Correlation  Plots 


Y  =  A  •  (X  •  B)*«2  •  C 
A  •  4.8eS  STD  CSV  >  0;3047 

B  ■  8.7297E-02  SID  DEV  •  ■/.2B07£-02 

C  •  17. S7  STD  DEV  3  0.827) 


Figure  3:  Beam  Waist  Optimization  using  Beam  Scans 

are  used  so  extensively  that  most  experimental  data  pre¬ 
sented  comes  directly  from  the  Correlation  Plots  and  it  is 
extremely  rare  that  data  needs  to  be  plotted  offline.  Even 
tor  complicated  experiments  where  further  analysis  is  re¬ 
quired,  the  Correlation  Plots  provide  the  data  acquisition 
and  online  validation.  The  Correlation  Plots  facility  has 
made  an  essential  and  invaluable  contribution  to  SLC  de¬ 
velopment. 
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INTRODUCTION 

The  i^eam  position  monitoring  (BPM)  system  for  the 
BNL, Booster  consists  of  48  main  pick>up  electrodes  (PUE) 
^mimetricaily  distributed  around  the  ring  and  two  special 
PUE'a  for  the  transverse  dampers.  Tlw  BPM  system  utilizes 
an  integrator  that  is  AC  coupled  to  the  PUE.  In  order  to 
eliminate  the  cumulative  error  in  the  signal  from  the  PUE 
introduced  by  the  AC  coupling,  a  base  line  restorer  (BLR)  is 
used  to  reestablish  a  reference  value  between  the  buncl^. 
Three  signals  phase  locked  to  the  beam,  48  x  fusv  and  both 
quadrature  conqxments  of  f^;,  are  needed  to  insure  that  the 
triggers  to  the  BLR's  occur  between  bunches.  The  triggem 
for  the  main  PUE's  require  a  clock  at  48  times  the  revolution 
frequency  as  well  as  the  RF  frequency  to  time  their  occur¬ 
rence.  The  quadrature  components  of  RF  frequency  are  used 
in  a  phase  shifter  to  produce  the  triggers  for  the  danqier 
PUE's.  By  making  use  of  direct  digital  synthesis  technology, 
we  were  able  to  produce  all  three  signals  locked  to  the  beam 
using  only  a  single  phase  locked  loop. 


DPS  OPERATION 

The  operation  of  our  design  relies  upon  the  use  of  direct 
digital  synthesis.  A  direct  digital  synthesizer  (DDS)  reproduc¬ 
es  a  sinusoid  of  a  specific  frequency  from  the  digitally 
generated  samples  of  that  signal.  As  shown  in  the  block 
diagram  (  Fig.  1 )  the  heart  of  a  DDS  is  a  numerically  con¬ 
trolled  oscillator  (NCO).The  digital  data  loaded  into  the  delta- 
phase  register  is  the  phase  st^  that  will  be  added  to  the  phase 
accumulator  on  each  clock  pulse.  Tie  jduise  accumulator  is 
used  to  address  a  lor^-up  table  which  contains  the  amplitude 
of  a  sinusoid  as  a  function  of  phase,  accomplishing  a  i^iase  to 
anq>litude  conversion.  This  digital  value  is  then  passed  through 
a  DAC  to  produce  an  analog  signal.  According  to  the 
sampling  theorem,  a  sinusoid  of  the  desired  frequency  can  be 
extracted  from  this  signal  by  filtering  out  all  higher  harmonics 
provided  the  sampling  rate  is  greater  than  bvice  the  frequency 
of  the  sinusoid.  This  translates  to  a  maximum  frequency 
output  of  half  the  clock  frequency.  Thus,  the  output  fr^uen- 
cy,  f„  dq)ends  on  how  often  the  phase  accumulator  is  up^ted 
(  f^joac)  ^  of  each  phase  step  (  eq.  1  ). 


Figure  1.  DDS  Block  Diagram 


♦Work  performed  under  the  auspices  of  the  U.S.  Dept,  of 
Energy. 
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Figure  2 .  System  Block  Diagram 


f^;ix)CK  X  delta-phase 

f.  =  - - -  (1) 

T 

Quato^  outputs  can  be  obtained  by  using  the  phase 
aMumhiator  to  addreu  two  look-up  tabl^,  one  with  sinusoidal 
ah^litude  mformation  and  the  other  with  cosinusoidid  ampli¬ 
tude  information.  Each  signal  is  then  separately  passed 
through  a  DAC  and  filtered. 

SYSTEM  DESCRIPTION 

As  shown  on  the  block  diagram  of  the  system  ( Fig.  2  ) 
the  VCO  is  used  directly  as  the  200  MHz  clock  for  DDSl  and 
is  divided  by  four  to  provide  the  SO  MHz  clock  for  DDS2. 
Therefore,  for  the  same  digital  word  (i.e.  delta-phase  step), 
the  output  frequency  of  the  first  synthesizer  will  be  four  times 
that  of  the  second  synthesizer.  Also,  as  long  as  the  digital 
words  are  exact  multiples,  the  two  outputs  will  remain  phase 
locked. 

The  data  for  the  two  DDS's  is  received  by  the  digital 
interface  as  two  24  bit  words  from  an  external  frequency  look¬ 
up  table.  The  received  data  word  for  DDSl  is  always  3  x 
f,tEv«  The  received  data  word  for  DDS2  is  h  x  fg^y  (<•«•  fur)* 
where  the  harmcmic  number,  h,  is  3  when  the  machine  is 
accelerating  protons  and  switches  from  12  to  3  during  the 
acceleration  of  heavy  ions.  Thus,  the  two  incoming  digital 
words  are  identical  for  h  =?  3  and  differ  by  exactly  a  factor  of 
four  for  h  =  12.  A  two  bit  shift  to  the  left  is  introduced  in 
the  ^gital  interface  before  the  data  is  loaded  into  DDSJ,  so 
that  the  data  now  corresponds  to  12  x  fsEV  However,  this 
frequency  is  based  on  the  SO  MHz  clock  that  DDS2  is  running 
on.  Since  the  clock  for  DDSl  is  running  at  200  MHz,  the 
actual  output  frequency  is  the  desired  48  x  fg^v  Clearly, 
since  the  digital  words  ate  exact  multiples  and  a  common 
clock  is  used,  the  output  of  DDSl  and  the  quadratiue  outputs 
of  DDS2  are  phase  locked  regardless  of  variations  in  the  VCO 
frequency. 


In  order  to  lock  these  signals  to  the  beam,  a  phase  locked 
loop  is  closed  b^een  one  of  the  quadrature  outputs  of  fgp 
from  DDS2  and  the  beam  signal  from  a  PUE.  To  simplify  the 
design  of  the  loop  and  to  facilitate  filtering  the  beam  harmon¬ 
ics  from  the  PUE  signal,  both  signals  are  mixed  up  to  an 
intermediate  frequency  of  10.7  MHz.  Another  design  consider 
ration  for  the  loop  was  the  need  for  a  l.S  /ts  delay  line  to 
cohqieasate  for  the  distance  between  the  PUE  and  the  DDS 
chfisds,  wUch  effwtM  the  stability  of  the  loop.  In  order  to 
reduce  the  phase  error  accumulate  over  the  RF  frequency 
swe^,  an  active  filter  was  chosen  for  the  loop  filter. 

A  unique  feature  of  the  phase  loop  is  t^t  the  tracking 
range  is  not  a  constant  but  rather  is  a  fuetion  of  the  frequen¬ 
cy.  In  a  standaid  phase  locked  loop: 

af  =  kgV, 

where  kg  -  gain  of  the  VCO 
V,  =  VCO  control  voltage 

However,  in  this  loop,  varying  the  VCO  control  voltage  has 
the  following  effect  on  frequency: 

delta-phase  x  fcu  cx . 

Af=( - ^)xV, 

2* 

Thus,  the  tracking  range  and  the  gain  of  the  loop  are  directly 
proportional  to  the  output  frequency. 

RESULTS 

In  order  to  test  our  system  prior  to  Booster  commission¬ 
ing,  we  used  an  external  source  to  simulate  the  beam  signal. 
By.introducing  a  frequency  error  into  the  external  source,  we 
were  able  to  test  the  operation  of  our  system.  While  sweeping 
over  the  Booster  proton  cycle  from  2.4  -  4.2  MHz,  a  frequen¬ 
cy  error  was  introduced  (  Fig.  3  ).  There  was  a  maximum 
phase  variation  of  less  than  6“  between  sin  fkF  and  the  “beam" 
signal  (  Fig.  4  ). 
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Figure  3.  Open  Loop  Frequency  Error 


Figure  4.  Phase  of  sin  vs  "beam' 


By  making  use  of  DDS  technology  we  successfully  phase 

locked  all  3  signals  to  the  "beam”,  eliminating  the  n^  for  1.  D.  Ciardullo  et.al,  The  AGS  Booster  Beam  Position 

three  separate  jrfuse  locked  loops.  Also,  the  use  of  direct  Monitoring  System,  these  proceedings, 

digital  synthesis  provides  quadrature  outputs  that  are  exactly 

90*  out  of  phase  over  the  entire  frequency  range  of  the  2.  D.  Ciardullo  et.al.  Design  of  the  Booster  Beam  Position 

synthesizer.  The  only  limitation  of  using  this  indirect  i^iase-  Monitoring  Electronics,  these  proceedings, 

locking  technique  is  the  availability  of  high  frequency  DDS’s. 

3.  The  DDS  Handbook,  Stanford  Telecom,  1990. 
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for  their  eHbrts  on  this  project. 
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Abstract 

We  rcport-a  scheme  to  control  the  amplitude  and 
phue  of  the  tf  accelerating  field  in  a  klystron  driven  elec¬ 
tron  linac  .  The  amplitude  and  phase  distributioii  within 
the  rfi  pulse  can  be  controlled  to  follow  specified  func¬ 
tions  to  reduce  the  energy  spread  of  the  electron  beam 
being  accelerated.  The  scheme  etnploys  fast  beam  energy 
and  phase  detectors  and  voltage-controlled  electronic  at¬ 
tenuator  and  phase  shifter  in  the  amplifier  chain.  The 
control  voltages  of  these  devices  are  generated  by  ar¬ 
bitrary  function  generators.  The  function  generators’ 
outputs  are  calculated  numerically  using  an  algorithm 
which  takes  into  consideration  the  desired  target  func¬ 
tion  and  the  deviation  (due  to  load  variations  or  system 
.j^rameter  drift)  front,  the  target  function.  Results  of 
preliminary  tests  on  producing  flat  tf  power  and  phase 
pulses  from  a  high  power  klystron  indicate  that  ampli¬ 
tude  variation  of  ±0.2%  and  phase  variation  of  ±1*  can 
be  readily  achieved. 

Introduction 

In  a  TW  linaci  thcisnergyi  gain  of  the  electron 
bunch  in  the  stea^  state  depends  on  the  amplitude 
and  phase  of  the  rf  field  with  which  the  bunches  ate 
accelerated.'  To  achieve  a  high  degree  of  stability  of 
the'  electron  beam  energy  and  small  energy  spread  as 
required  by  FEL  and  other  applications,  a  stable  high 
power  rf  source  with  flat-top  pulses  is  required.  With 
high  power  klystrons  as  rf  sources,  the  flatnew  of  the 
output  amplitude  and  phase  is  dominated  mainly  by  the 
high  voltage  pulse  from  the  modulator,  which  usuuUy 
has  a  ripple  due  to  parasitic  resonances  of  the  stray 
inductance  and  capacitance  in  the  PFN  and  in  the  pulse 
transformer.  With  careful  design  and  adjustment,  the 
modulator  voltage  pulse  fluctuation  can  be  kept  to  a 
small  fraction  of  a  percent  as  the  state  of  the  art^~*. 
However,  to  achieve  this  level  of  performance,  it  is  both 
expensive  and  time-consuming.  Furthermore,  even  with 
rf  pulses  which  are  perfectly  flat  in  power  and  phase,  the 
beam  loading  transient  and  beam  current  fluctuations 
induce  beam  energy  spread  in  a  multi-bunch  operation’. 
Therefore,  it  is  necessary  to  explore  some  other  way  to 
reduce  the  linac’s  beam  energy  spread. 

In  the  following  we  present  a  scheme,  whereby  the 
klystron’s  rf  drive  signal  is  moduiated  in  amplitude  and 
phase  to  produce  the  required  low  energy  spread,  thus 
eliminating  the  need  for  expensive  PFN  adjustments. 


*Permenant  address:  Institute  of  High  Energy  Physics, 
Academia  Sinka,  P.O.  Box  918,  Beijing,  P.R.  China. 


This  scheme  will  also  remove  beam  loading  effects  and 
drifts  in  other  system  parameters. 

The  modulation  of  the  drive  signal  in  a  given  rf 
pulse  is  derived  from  the  error  signals  acquired  during 
previous  pulses.  The  reason  for  this  is  that  the  ATF  rf 
pulses  are  about  3  /is  long,  a  time  too  short  to  make  a 
feed-back  control  system  work  with  the  given  delay  times 
in  the  detection  as  well  as  the  control  system.  Thus  this 
control  system  is  a  feed-forward  scheme,  The  prerequisite 
for  the  success  of  such  a  scheme  is  a  reproducibility  of 
the  pulse-to-pulse  waveforms  on  a  time  scale  which  is 
longer  than  the  response  time  of  the  control  system.  The 
ultimate  performance  of  this  system  is  limited  only  by 
noise,  reproducibility  of  the  modulator  pulses  and  the 
accuracy  of  the  error  measurement. 

Preliminary  tests  of  this  system  were  made  on 
both  a  klystron  output  pulse  and  the  fields  in  the  ATF 
RF  gun  cavity  with  very  encouraging  results. 


Figure  It  Schematic  diagram  of  the  feed-forward  control 
system  at  ATF. 


I.  System  Configuration 

The  schematic  diagram  of  the  present  feed  forward 
control  system  as  used  in  the  ATF  is  shown  in  Fig.l.  ^ 
Voltage  controlled  fast  electronic  attenuator  and  phase 
shifter  are  installed  in  the  drive  chain  of  the  XK-5 
kiystron  to  modulate  its  input.  The  output  signal  (for 
instance,  the  beam  energy  and  rf  phase)  of  the  system  are 
monitored  with  detectors  read  by  a  digital  oscilloscope. 
The  control  waveforms  to  the  attenuator  and  the  phase- 
shifter  are  generated  by  the  arbitrary  function  generators 
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(AEG).  The  qsciUoscope  and  the  AFGs  are  controlled  by 
a,petsqhed  cpiiiputer  (PC). 

The  target  curves  are  set  in  the  coihputer  accord¬ 
ing  to  system- requirements.  The  system  output  signals 
sh^own  pn  the  oscilloscope  are  also  accessible  by  the  com- 
/'puter.  The  target  function  and;  the  system  output  are 
compared  in  the  PC.  The  difference  signal  is  then  used 
to  calculate  the  control  voltage  data.  The  correspond¬ 
ing  waveform  corrections  generated  by  the  AEG  are  then 
applied  to  the  attenuator  and  the  phase-shifter. 

ii.  Theoretical  Description  of  the  Control  System 

Consider  a  time  invariant  system  with  an  input 
a(t),.8nd  an  output  ]/(r).  Let  us  assume  that  the  system 
is  separable  into  a  non-linear  but  instantaneous  part 
represented  by  a  function  /(a)  and  a  linear  part  with  an 
impulse  response  g{t).  Then  one  may  express  the  output 
through  a  convolution 


y{‘r)=  I  /(*(<))p(<-r)di  (1) 

4/-OO 

If  ah  increment  function  Aa(t)  is  added  to  the  input 
signal  «o(t)  (which  may  be  considered  as  an  operation 
level),  the  output  of  the  system  will  be  modified  by  the 
cpriesponding  increment  Ay(r)  around  the  normsJ  op¬ 
eration  output  y(r).  If  the  function  /(a(i))  is  assumed 
to  be  differentiable,  for  a  small  enough  Aa(i),  the  rela¬ 
tionship  between  the  input  and  output  increments  can 
be  expressed  as: 

[  /‘(*o(<))Aa(<)p(<-T)dt  (2) 

where  /^(xq)  is  the  derivative  of  f  with  respect  to  x.  By 
sampling  the  output  increment  Ay(r)  at  times  t),  eq.(2) 
can  be  written  in  a  matrix  form  as  follows: 


- 

<1  <J 

* 

f  Til  •  •  •  Tin  > 

Tji  ...  Tjn 

•  •  • 

/Ax(ti)\ 
Ax  (tj) 

(3) 

\Ay(Tm)/ 

'Tnl  ...  Tnn/ 

VAx(f„)J 

where  the  subscripts  m  and  n  may  have  different  values, 
n  may  also  be  different  from  t,-,  and  Ax(t;)  is  the  input 
increment  value  applied  to  the  system  at  instant  ij.  The 
matrix  element  Tij  is  defined  as: 

Tij  =  (xo  (tj))  g  {tj  -  -n) At  (4) 

where  At  is  the  s:  mpling  interval.  As  a  result  of  causality, 
the  matrix  eleinents  must  satisfy  the  following  equation, 

%=6  for  n<t}  (6) 

As  an  approximation,  the  system  can  be  assumed  to  be 
linear  near  xo(t).  Then  /*(xo(ti))  is  a  constant,  and  we 


may  also  use  causality  (eq.(5))  and  write  eq.(3)  in  a  very 
simple  form; 


/Ayi\ 

/Ti  0  ...  0\ 

/Axi\ 

Aya 

— 

Ta  Ti  ...  0 

Axa 

'■Ayn/ 

It,  Tn_i  .'...ti) 

\AXn/ 

where  the  matrix  elements  T{  (t  =1,2 . n)  are  constant. 

The  T  matrix  elements  can  be  obtained  by  measurement. 
This  is  achieved  by  superimppsing  a  step  function,  for  in¬ 
stance,  Axi,  on  the  operation  level  xo(t),  then  measuring 
responses,  Ay,'  and  solving  eq.(6). 

In  the  linac  system  we  are  discussing,  the  input 
variable  x(t)  is  the  control  voltage  applied  to  the  atten¬ 
uator  (Vt)  or  to  the  phase-shifter  (1^).  The  non-linear 
function  /(x)  is  the  response  of  the  rf  system,  g{t)  is  the 
impulse  response  of  the  beam  energy  to  the  amplitude 
of  the  rf  input  to  the  linac  cavity,  and  Ayj  is  the  beam 
energy  error  from  the  linac  output  to  the  system  require¬ 
ment  (target  curve).  By  inverting  the  matrix  T,  the 
control  voltage  needed  to  compensate  the  energy  error 
will  be: 


<=i 


(7) 


where  AUj  =  If)  -  I/b/,.and  Uoj  are  the  target  beam 
energy  values. 

Thus  we  have  a  control  procedure:  First  the 
matrix  T  is  evaluated.  Then  the  system  response  is 
compared  with  the  target  data  to  obtain  ACf).  The 
voltage  corrections  are  calculated  by  using  eq.(7).  Then 
the  voltage  corrections  are  applied  to  the  attenuator  to 
yield  new  values  of  system  output  If). 

If  the  matrix  T  can  represent  the  actual  system 
precisely,  the  energy  errors  can  be  compensated  by  mod¬ 
ifying  the  control  voltage  just  once.  With  a  T  matrix 
which  is  a  good  approximation  of  the  actual  system  and 
given  an  initial  control  voltage  vector  Vj  which  is  close 
enough  to  the  final  value,  the  solution  will  converge  fast. 
The  required  system  output  will  be  achieved  after  just  a 
few  applications  of  the  correction  process. 

However  there  are  a  few  technical  problems.  First, 
the  linac  system  is  usually  nonlinear  and  the  initial 
control  vector  V  may  be  far  from  the  exact  solution. 
Furthermore,  noise  (both  real  and  digital  rounding  error 
noise)  results  in  errors  in  the  evaluation  of  the  matrix 
T.  The  first  problem  can  be  resolved  by  keeping  the 
corrections  AV)  small.  When  the  accumulated  correction 
(relative  to  the  starting  value  of  T^-)  grows  above  a  certain 
preset  value,  the  T  matrix  will  be  le-evaluated.  Thus 
this  system  will  operate  as  an  adaptive  control  system. 
The  second  problem  can  be  reduced  by  averaging  over 
several  measurements  with  somewhat  different  applied 
control  function  deviations. 

It  should  be  pointed  out  that  the  same  procedure 
can  be  applied  to  the  rf  phase  control.  However,  for 
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controUing  both  the  rf  phwe  and  the  beam  energy  (or 
rf  amplitude)  simultaneously,  some  measures  to  decouple 
the; tfarriplitudc' and  ithe  rf  phase  are  needed.  We.  have 
been  successful  iii.decouplihg  the  tf  amplitude  and  phase 
in-the  cw  part  of  the,  system  and  still  have  to  address  the 
decoupling  in  the  pulsed  amplihers. 

UI.  Preiiihihary  Experimental  Test  Results. 

The  tf  feed  forward  control  system  has  been  tested 
on  the  control  of  the  tf  output  of  a  high  power  S-band 
klystron  and  on  the  control  of  the  field  in  a  cavity.  For 
this  purpose,  the  klystron  is  operated  in  an  unsaturated 
power  level.  The  controllable  tf  pulse  width  is  about  3 
tu  for  the  ATF.  Thus,  about  300  samples  points,  10  ns 
apart  ate  used  in  the  system. 


CHt  rooniv  s  A  tm  ciai 

m  roomv  tut  . 


Figure  2t  Compatiuon  between  uncompensated  (lower 
curve)  and  compensated  (upper  curve)  tf  amplitude  from 
the  klystron  output; 


Fig.  2  shows  the  result  of  the  klystron  output 
control.  The  amplitude  fluctuation  before  the  control 
system  is  activated  is  about  ±4%  (lower  curve).  After 
four  iterations  of  the  control  process,  the  power  error  is 
reduced  to  leu  than  ±0.2%  (upper  curve).  Fig.  3  shows 
the  experimental  results  of  controlling  the  field  level 
of  the  ATF  photocathode  gun  cavity.  The  amplitude 
variation  after  compensation  is  reduced  from  ±5%  to  less 
than  ±1%.  This  result  is  not  as  good  as  the  klystron 
regulation  test  since  the  available  rf  pickup  electrode  in 
the  cavity  provided  a  very  small  signal  and  the  system 
suffered  from  noise.  This  is  not  an  intrinsic  problem  of 
the  control  method  and  this  result  is  by  no  means  the 
ultima^  performance  of  the  system.  The  cavity  control 
system  is  mote  interesting  than  the  klystron  control, 
because  the  filling  time  of  the  cavity  (about  0.8  n%) 
results  in  many  non  vanishing  matrix  elements  in  T. 

At  the  time  being  we  have  not  used  the  full 
automated  control  system  in  which  both  rf  amplitude 
and  phase  are  controlled  simultaneously.  However  we 
have  demonstrated  such  a  process  by  manual  control  of 
the  AFG.  In  this  test  the  phase  error  has  been  reduced 
from  ±5®  to  about  ±0.6®  and  the  amplitude  error  from 
±1.4%  to  ±0.3%.  These  experimental  results,  which  are 


listed  in  Table  I,  demonstrate  that  amplitude  fluctuation 
<  ±0.2%  and  phase  fluctuation  <  1®  for  a  high  power 
klystron  output  can  be  readily  achieved. 

CHI  5mV  S  A  IHS  183mV  EXT1 


Figure  S;  Comparision  between  uncompensated  (lower 
curve)  and  compensated  (upper  curve)  rf  amplitude  pulse 
from  the  rf  gun  cavity. 


Table  I.  Summuy  of  Preliminary  Experiment  Results  > 


ITEMS 

No  Control 

With  Control 

Klystron  Power  (±^) 

4% 

0.2% 

RF  Cavity  Power  (±^) 

5% 

1.0% 

Manual  Control  (±^) 

1.4% 

0.3% 

Klystron  (±A^) 

5* 

0.6® 

Note;  when  the  klystron  is  operated  on  saturated 


state,  the  tf  power  fluctuation  is  about  ±0.6%. 

In  the  future  we  would  like  to  use  this  system 
to  control  the  energy  spread  of  the  linac  beam  in  ATF. 
For  this  purpose  we  shall  use  a  fast>response  sttip*line 
beam  position  monitor  in  a  suitable  point  at  the  post 
linim  beam  transport  line,  where  the  beam  dispersion 
analysing  power  is  high.  The  micto<pulse  by  micro-pulse 
energy  of  the  beam  will  be  read  and  this  information  will 
be  used  at  the  feed  forward  control  system. 
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Abstract*  This  paper  describes  the  basic  theory  and 
experimental  results  on  biinch  lengthening  at  the  NSLS 
VUV  ring.  Emphasis  will  be  placed  on  results  of  experi- 
rhents  conducted  since  the  last  report  A  fourth  harmonic 
cavity  is  used  to  provide  the  necessary  conditions  for  bunch 
lengthening,  Recent  experiments  have  included  using  the 
harmonic  cavity  in  a  beam  excited  mode  as  well  as  using  an 
external  generator  to  provide  the  desired  conditions, 

i>  Introduction 

In  the  NSLS  VUV  ring,  high  current  qxsration  is  inhi¬ 
bited  by  Touschek  lifetime.  A  fourth  harmonic  cavity  has 
been  installed  in  the  VUV  ring  to  operate  as  a  bunch 
lengthening  cavity.  By  lengthening  the  stored  bunch  of  elec¬ 
trons,  the  density  is  decreased.  This  decrease  in  density  will 
improve  the  Touschek  lifetime  and  thereby  allow  higher 
usable  currents  in  the  VUV  ring. 

Experiments^  have  been  conducted  which  prove  the 
feasibility  of  using  a  harmonic  cavity  to  lengthen  the  bunch. 
However,  these  experiments  were  limited  by  a  stainless  steel 
structure  which  was  prone  to  thermal  runaway.  An  all 
copper  cavity  has  been  installed  since  these  experiments  to 
provide  better  heat  transfer. 

The  initial  tests  performed  with  the  new  copper  cavity 
in  a  beam  excited  mode  were  quite  favorable  and  the  system 
became  operational.  Attention  was  then  turned  to  methods 
of  optimizing  the  system.  This  requires. an  external  generator 
to  drive  the  harmonic  cavity.  The  entire  system  must  be 
held  to  tight  amplitude  and  phase  requirements.  The  details 
for  such  a  system  have  not  been  worked  out  as  of  this  date. 
However,  the  beam  excited  mode  has  been  enhanced  by  a 
simple  feedforward  system  in  which  the  resonant  frequency 
of  the  harmonic  cavity  is  made  proportional  to  beam 
current. 


2.  Theory 

The  longitudinal  profile  of  a  bunched  beam  in  an  elec- 
Uon  storage  ring  is  determined  by  the  shape  of  the  restoring 


force  (RF  volmge);  )he  type  of  excitation  (quantum  emis¬ 
sion)  and  other  machine  parameters.  The  stationary  profile  is 
shown  to  bc*^' 

iXW-Kie-^’ 

where 

♦ 

U((l))  =  K3j[eV((l»)-U(0)]d(j> 


K|,K2  and  arc  dependent  upon  other  machine  parame¬ 
ters. 

Under  normal  operating  conditions  (small  energy  devi¬ 
ations,  small  phase  oscillations)  the  potential  function  is 
quadratic  and  the  longitudinal  distribution  is  gaussian.  With 
the  addition  of  a  fourth  harmonic  cavity,  the  potential  func¬ 
tion  can  be  made  quartic,  leading  to  a  trapazoidal  shaped 
bunch.  The  dual  cavity  system  produces  a  less  dense  bunch 
and  longer  Touschek  lifetime. 

The  desired  conditions  to  produce  a  quartic  potential 
bucket  have  been  calculated^.  They  require  that  the  first  and 
second  derivatives  of  the  total  accelerating  voltage  equal 
zero,  while  the  total  voltage  itself  is  such  that  the  particles 
receive  an  energy  gain  equal  to  the  radiative  energy  loss  per 
turn  (fig.  1). 


♦Work  performed  under  the  auspices  of  the  U.S.  Depu  of  j 
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To  provide  a  true  quartic  potential  for  all  beam 
currents,  the  harmonic  cavity  must  be  driven  by  an  external 
generator.  Tight  tolerances  on  the  required  amplitude  and 
phase  must  be  maintained  to  produce  an  inflection  point  at 
the  synchronous  voltage.  Using  a  passive  system,  these  con¬ 
ditions  may  be  approached  by  inductively  detuning  the  har¬ 
monic  cavity  and  allowing  the  beam  alone  to  produce  the 
harmonic  cavity  gap  voltage.  Although  a  true  inflection 
point  may  never  be  reached,  the  bunch  will  be  lengthened 
and  lifetime  improved. 


3.  Experimental  results. 

After  the  new  cavity  was  installed,  studies  began 
using  the  harmonic  cavity  in  the  beam  excited  mode.  The 
cavity  was  detuned  inductively  to  87  degrees.  Bunch  length 
was  measured  using  a  photodiode  detector  mounted  at  a  syn¬ 
chrotron  light  port.  After  injecting  to  900  mA,  the  harmonic 
cavity  was  brought  closer  to  resonance. 


Single  cavity  longitudinal  profile 
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Double  cavity  longitudinal  profile 
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Fig.  2  Initial  bunch  length  measuremenu. 


conditions.  At  this  point  there  were  no  problems  with  insta- 
bilites,  and  the  current  was  allowed  to  decay  to  500  mA 
where  the  harmonic  cavity  was  moved  closer  to  resonance. 
The  bunch  changed  shape  accordingly.  Going  from  trapa- 
zoidal  to  double  peaked.  At  approximately  78  degrees  detun¬ 
ing  the  beam  dumped. 

The  results  of  the  first  sUidies  were  very  encouraging. 
Using  a  passive  cavity,  a  stored  bunch  of  electrons  was 
lengthened.  Typical  lifetime  was  improved  from  a  factor  of 
two  at  currents  greater  than  600  mA  to  a  factor  of  1.5  at 
currents  greater  than  400  mA.  Typical  current  vs.  time 
profiles  are  as  shown  in  figure  3.  Calculations  of  the  induced 
voltage  in  the  harmonic  cavity  at  these  detuning  angles  pro¬ 
duced  numbers  around  20  KV.  This  is  close  to  the  voltage 
required  for  optimum  bunch  lengthening.  The  system  went 
into  operation  with  a  fixed  detuning  angle  of  83  degrees. 

Two  important  observations  were  made  during  the  stu¬ 
dies.  One  being  the  irregular  bunch  profile  of  different 
bunches  within  a  fill  (fig.  4).  The  other  being  a  Jump  in 
phase  of  the  bunch  Just  before  beam  dumped  at  78  degrees 
detuning.  Continuing  studies  were  done  to  look  for  the 
causes  of  these  observations. 

The  irregular  bunch  profile  was  attributed  to  cither;  1) 
interaction  with  the  longitudinal  feedback  system  or  2)  to  a 
higher  order  mode  other  than  the  211  MHZ  cavity.  Discon¬ 
necting  the  longitudinal  feedback  system  during  a  fill 
showed  no  change  in  longitudinal  profile,  thus,  removing  it 
as  a  suspected  cause. 

The  initial  studies  were  done  with  an  asymmetric  fill 
(7  out  of  9  bunches  filled).  When  a  symmetric  three  bunch 
fill  was  used,  the  profile  of  the  3  bunches  were  nearly  ident¬ 
ical.  Therefore,  it  is  believed  that  the  cause  of  the  irregular 
bunch  profiles  is  a  higher  order  mode  which  is  driven  by  a 
rotation  harmonic  of  the  beam  and  is  not  an  RF  harmonic.  A 
mode  at  an  RF  harmonic  with  high  Q  would  act  on  each 
bunch  in  the  same  manner.  Sweeps  of  the  cavities  showed  a 
mode  in  the  harmonic  cavity  at  270  MHz.  This  mode  docs 
lie  on  a  rotation  harmonic  and  is  considered  the  probable 
cause  of  irregular  bunch  pattern.  Plans  are  being  made  to 
damp  this  mode 

Careful  examination  of  the  longitudinal  profile  of  the 
bunch  as  the  cavity  was  moved  towards  resonance  showed 
the  bunch  Jumping  between  two  longitudinal  phase  loca¬ 
tions.  The  rate  at  which  the  transition  between  the  two  states 
occured  increased  in  frequency  as  the  cavity  was  moved 
closer  to  resonance  until  beam  dumped  as  mentioned  above. 
The  cause  of  this  motion  is  not  fully  understood,  and  work 
is  continuing  to  understand  the  mechanism  for  this  motion. 


As  the  cavity  approached  84  degrees  detuning  the 
bunch  began  to  lengthen.  At  83  degrees  detuning  the  bunch 
became  trapazoidal  in  shape  (Fig.  2).  By  this  time  the 
current  had  decayed  to  700  mA,  where  the  lifetime  meas¬ 
ured  was  improved  by  a  factor  of  two  over  normal  operating 


4.  Feedforward 

A  simple  system  to  provide  better  operation  of  the 
passive  system  has  been  implemented.  It  involves  changing 
the  resonant  frequency  of  the  cavity  proportional  to  beam 
current.  A  beam  current  signal  is  taken  from  a  stripline 
pickup.  This  signal  is  filtered,  detected,  and  scaled  to  drive  a 
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temperature  controller.  By  changing  the  temperature  of  the 
harmonic  cavity,  it’s  resonant  frequency  is  changed.  This 
system  allows  higher  current  to  be  stored  in  the  ring  while 
still  providing  lifetime  improvement  at  lower  currents.  This 
is  achieved  by  increasing  the  magnitude  of  the  cavity 
impedance  as  the  beam  current  decreases,  keeping  the  mag¬ 
nitude  of  the  gap  voltage  in  the  harmonic  cavity  relatively 
constant. 


5.  Summary 

The  bunch  lengthening  cavity  is  operational  in  the 
NSLS  VUV  ring  in  a  passive  mode.  A  feedfoward  system  is 
used  to  enhance  it’s  operation.  Lifetime  improvements  range 
from  a  factor  of  two  at  high  currents  to  a  factor  of  l.S  at 
lower  currents.  Work  is  continuing  on  implementation  of  a 
generator  system  as  well  as  on  understanding  observations 
made  during  studies. 
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Fig.  3  Typical  current  decay 


Fig.  4  Two  bunches  of  a  seven  bunch  fill 
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Apkrqci 

Due  to  the  time-varying  nature  of  the  radio-frequency 
(RF)  accelerator,  RF  field  arhplitude  and  phase  parameters 
must  be  precisely  controlled  in  order  to  confine  and  acceler¬ 
ate  the  charged  particle  beam,  lypically,  a  feedback  control 
system  regulates  the  RF  field,  rejects  noise  and  disturbances, 
and  mairttains  operational  stability  over  changes  in  the  elec¬ 
trical  structure  of  the  accelerator.  This  paper  describes  a 
multivariable  coritrcl  ^stem  that  compensates  the  electrical 
structure  of  the  accelerator  by  using  gain-shaping  in  the  fre¬ 
quency  domain.  The  amplitude  and  phase  quantities  have 
been  resolved  into  in-phase  and  quadrature  (I&Q)  variables. 
'Diese  orthogonal  variables  have  simple  mathematical  rela¬ 
tionships,  and  can  be  analyzed  using  linear  transfer  function 
matrices.  The  transfer  matrix  theory  has  been  applied  to  the 
design  of  the  multivariable  control  system  that  regulates  the 
RF  field  in-phase  and  quadrature  components.  Frequency- 
domain  controllers  compensate  these  two  signals  to  provide 
desired  frequency  response  characteristics.  A  control  pre- 
distorter  performs  an  inverse  cou|)Iing  function,  so  that  the 
l&Q  compohents  are  effectively  dkbupled  fay  the  accelera¬ 
tor.  Furthermore,  computer  interface  circuitry  allows  the 
adaptive  optimization  of  the  mathematical  transfer  func¬ 
tions  of  the  compensators. 

I.  Introduction 

The  radio-frequency  (RF)  accelerator  uses  a  time-va¬ 
rying  electromagnetic  field  to  excite  charged  particles  to  high 
luetic  energies.  Resonant  structures  support  electromag¬ 
netic  oscillationvhaving  a  travelling  wave  component  with  a 
phase  velocity  of  approximately  the  same  velocity  as  that  of 
the  accelerated  particles.  Precision  RF  instrumentation  is 
required  to  control  and  monitor  the  amplitude  and  phase  of 
the  time-varying  RF  field  within  the  accelerating  cavity.  A 
two-input,  two-output  control  system  is  needed  to  accurate¬ 
ly  maintain  both  the  amplitude  and  the  phase  at  a  desired  op¬ 
erating  point.  Since  coupling  between  the  two  control  loops 
can  severely  degrade  the  system  performance,  the  control 
^stem  must  include  a  decoupling  network  to  negate  any  in¬ 
teraction  between  the  two  control  variables.  The  Los 
Alamos  National  Laboratory  (LANL)  has  designed  a  multi¬ 
variable  feedback  control  system  that  regulates  the  in-phase 
and  quadrature  (I&Q)  components  of  the  RF  field.  Operat¬ 
ing  upon  the  orthogonal  I&Q  components  reduces  the  com¬ 
plex  dynamics  of  amplitude  and  phase  control  to  a  linear  con¬ 
trol  problem.  The  LANL  control  system  compensates  the 
I&Q  components  of  the  RF  field  to  provide  the  desired  stea¬ 
dy-state  and  transient  performance  characteristics.  In  addi- 
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tion,  the  control  circuitry  includes  computer  interface  cir¬ 
cuitry  that  allows  direct  supervisory  control  by  a  micropro¬ 
cessor  [1].  This  functionality  can  be  extended  to  include  the 
microprocessor-based  adaptive  optimization  of  the  various 
parameters  in  the  mathematical  transfer  functions  of  the 
control  system. 

II.  System  Model 


The  dynamics  of  a  single-mode  accelerating  cavity 
with  drive  and  beam  stimuli  are  well  understood  [2-4].  A 
mathematical  model  exists  that,  accurately  defines  the.efi 
fects  of  external  stimuli  upon  the  RF  field  within  a  resonant 
cavity.  This  nrodel  was  derived  from  the  various  intrinsiccav- 
ity  parameters.  Using  a  mathematical  representation  of  a  si¬ 
nusoidal  signal,  the'amplitude  and  phase  information  can  be 
resolved  into  I&Q  components  as 

s(t)  -  idosCwc/)  -  g(t)sin(Q}ot).  ( 1) 

These  I&Q  components  are  orthogonal,  creating  a  sym¬ 
metry  in  the  mathematical  relationships  of  the  high  power 
amplifier  and  accelerating  cavity,  referred  to  as  the  plant. 
The  time-domain  analysis  is  simplified  by  using  the  com¬ 
plex-envelope  isomorphism  to  eliminate  the  carrier  fre¬ 
quency  (uo)  from  the  calculations [5].  This  technique 
provides  a  mathematical  tool  to  directly  analyze  the  I&Q 
components  of  an  RF  signal  independently  of  the  carrier. 
Consequently,  the  system  analysis  within  this  paper  ex¬ 
amines  the  baseband  I&Q  components  of  the  RF  signals. 


Figure  1.  Simplified  block  diagram  of  I&Q  control  system 


To  accurately  maintain  the  RF  field  in  the  accelerat¬ 
ing  cavity,  a  multivariable  control  system  regulates  both 
I&Q  components  of  the  field.  Figure  1  depicts  a  simpli¬ 
fied  block  diagram  of  the  I&Q  control  system.  Feedback 
and  cascade  compensation  is  used  to  adjust  the  dynamic 
behavior  of  the  plant.  The  I&Q  components  of  the  cavity 
feedback  RF  signal  are  resolved  by  the  vector  detector 
into  baseband  analog  signals  that  represent  these  quanti¬ 
ties.  Each  baseband  I&Q  feedback  signal  is  compared 
with  a  desired  set  point  and  the  resulung  error  vector  is 
compensated  by  the  respective  controller.  The  predistort¬ 
er  provides  an  inverse  coupling  function  that  negates  any 
interaction  between  the  two  variables.  The  vector  modu¬ 
lator  uses  these  processed  I&Q  signals  to  modulate  the 
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onginal  RF  carrier  signal.  The  resulting  modulated  RF 
signal  is  subsequently  used  to  drive  the  input  of  the  plant. 

The  dynamics  of  the  two-input,  two-output  plant  in 
Figure  1  cah.be  represented  as  a  transfer  function  block 
diagfani  that  relates  the  I&Q  components  of  the  drive  sig¬ 
nal  to  the  I&Q  components  of  the  cavity  field.  Cross- 
coupling  terrhs  define  the  interact’pns  between  the  two 
components.  Coupling  between  trie  real  and  imaginary 
components  of  a  sinusoidal  signal  is  inherent  to  the  dy¬ 
namic  behavior  of  the  plant. 


Figure  2.  Diagram  of  cavity  I&Q  dynamics 


Figure  2  depicts  the  transfer  function  network  of  a 
cascaded  amplifier,  transmission  line,  and  accelerating 
cavity  driven  slightly  off  resonance.  The  transfer  function 
of  the  cascaded  RF  amplifier  and  transmission  line  is 


Gt(s) 


(2) 


(s/a)^  +  ly 
Ka  s  RF  amplifier  gain 
(Oa  =  RF  amplifier  bunching  cavity  bandwidth 
n  =  number  of  bunching  cavities  in  RF  amplifier 
Tj  s  propagation  delay  within  transmission  line 


Notice  that  the  cross-coupling  terms  are  assumed  to  be 
negligible  for  the  RF  amplifier  and  transmission  line.  The 
dynamics  of  a  microwave  junction  and  detuned  cavity  arc 
described  by  the  transfer  function  network  terms: 


_ 2(Zc(sXZc(s)  +  Z„}  +  Zl(s)] 

(Zc(s)  +  Z,y  +  Zl(s) 


2ZoZs(s) 


lZc(s)  +  Z^y  +  Zl(s) 


Zo  =  drive  line  characteristic  impedance 
Zc(s)  =  cavity  forward  impedance  function 
Zs(s)  =  cavity  cross  Impedance  function 


(3) 


The  interaction  between  the  I&Q  components  within  this 
portion  of  the  plant  dominate  the  cross-coupling  effects 
within  the  plant.  The  cross-coupling  terms  in  the  plant 
transfer  function  network  describe  the  interaction  between 
the  I&Q  components  of  the  RF  field. 


III.  INVERSE  Coupling 


The  cross-coupling  within  the  plant  causes  interaction 
between  the  two  feedback  control  loops  that  requires  correc¬ 
tion  to  accurately  regulate  the  RF  field.  To  separate  the  I&Q 
dynamics,  a  predistorter  performs  an  inverse  coupling  func¬ 
tion.  The  predistorter  couples  the  I&Q  components  so  that 
they  are  effectively  decoupled  by  the  plant.  The  function  of 
the  predistorter  can  be  described  using  a  transfer  matrix  ap¬ 


proach.  Tb  reduce  the  complexity  of  the  equations,  two 
transfer  functions  are  defined  that  describe  the  cascaded 
transfer  matrix  for  the  plant  of  figures  1  and  2. 

A(s)  =  Ku'G,(s)’G2c(s)  ... 

B(s)  =  X^-G:(s)'G:s(s) 

Figure  3  shows  the  linear  transfer  matrix  equation  that 
provides  a  design  for  the  predistorter.  To  eliminate  cross¬ 
coupling  within  the  system,  the  off-diagonal  terms  of  this 
combined  system  must  be  Identically  equal  to  zero.  In 
addition,  the  dynamics  of  the  forward  terms  should  re¬ 
main  constant  regardless  of  the  cross-coupling  terms. 
This  is  represented  by  the  factor  ko  that  scales  the  gain  of 
the  plant  to  that  of  one  without  cross-coupling. 
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Figure  3.  TVansfer  matrix  representation  of  I&Q  decoupling 


Although  the  expressions  for/lfy  and  B(s)  are  of  fifth 
or  higher  order,  the  ^mmetty  of  the  orthogonal  I&Q  vari¬ 
ables  reduces  the  ratio  of  the  two  functions  to  first  order. 
TTiis  allows  the  predistorter  to  be  realized  as  a  first  order, 
stable,  lag  compensator.  Solving  the  linear  matrix  equation 
for  the  two  unknowns  results  in 


d(s) 


B(s)  ^  1  s  +  1/r  +  2QoAco 
”  20„  s+  l/r-Aci>/20o  +  R/tZo 


K 


/1(0)  -I  R(0)‘(/(0) 

/!(0) 

Zc(0XZc(0)  -f  Zo)  -f  2j(0)-  ZoZsfOMO) 
Zc{0)(Zc{0)  -f  Zo)  +  Z|(0) 


(5) 


Qo  =  cavity  unloaded  quality  factor 
t  =  cavity  damping  time  constant 
R  =  cavity  shunt  resistance 
Actf  =  cavity  detuning  frequency 
A  block  diagram  of  the  physical  realization  of  the  com¬ 
bined  predistorter  and  plant  is  shown  in  Figure  4.  This  com¬ 
bined  ^stem  will  exhibit  the  uncoupled  properties  wherein 
an  input  I  or  Q  control  input  will  only  affect  the  respective  I 
or  Q  component  of  the  cavity  field.  The  decoupling  of  these 
two  parameters  has  been  analytically  verified  to  better  than 
60dB  correction  using  a  complete  RF  ^stem  model. 
PREDISTORTER  PLANT 


Figure  4.  Block  diagram  representation  of  I&Q  decoupling 

The  coefficients  of  the  predistorter  are  adjusted  re¬ 
motely  as  the  operating  conditions  of  the  plant  vary.  A  local 
processor  derives  the  coefficient  values  from  measured  s>s 
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tern  parametere,  and  automatically  adjusts  the  hardware  as 
heces^ry..  In  addition,,  an  optimization  algorithm  can  be 
used  to  correct  any  coefficient  errors  introduced  by  measure¬ 
ment  uncertainties. 

IV.  Compensator  Design 

The  predistorter  reduces  the  dynamics  of  the  coupled 
^stem  into  two  single-input,  single-output  systems  that  can 
be  trwted  independently.  Consequently,  I&Q  controllers 
compensate  the  uncoupled  components  in  parallel.  Each 
feedback  controller  regulates  its  respective  RF  field  compo¬ 
nent  at  a  desired  set  point,  rejects  noise  and  disturbances,  re¬ 
mains  insensitive  to  variations  in  the  electrical  structure  of 
the  plant,  and  adjusts  the  closed-loop  transient  behavior. 

The  sensitivity  of  the  closed-loop  system  to  noise  and 
distuibances  or  to  variations  in  the  plant  parameters  is  in¬ 
versely  proportional  to  the  loop  tranrfer  function  of  the  cas¬ 
caded  compensator,  plant,  and  feedback  sensor.  The  loop 
transfer  function  for  either  of  the  decoupled  systems  can  be 
expressed  as 

r(j)  -  c(syKM-G,{syG2d(syk,'Ko .  (6) 

This  expression  provides  a  method  to  analyze  the  sensitivity 
functions  versus  frequency.  High  loop  gains  below  the  sys¬ 
tem  bandwidth  are  desirable  to  provide  distutbance  rejection 
and  insensitivity  to  parameter  variations.  Low  loop  gains  are 
desirable  at  the  sensor  noise  frequencies  for  immunity  to 
these  signals.  The  frequency  response  of  the  compensator  is 
adjusted  to  shape  the  loop  transfer  function  over  frequency 
to  meet  the  sensitivity  criteria. 

The  transient  response  characteristics  of  the  system 
can  be  adjusted  within  certain  stability  limitations  using  the 
same  gain-shaping  design  techniques.  The  phase  margin  of 
the  loop  transfer  function  provides  a  methc^  to  predict  the 
closed-loop  transient  behavior.  The  Nyquist  stability  criteri¬ 
on  requires  that 

T(Ja)c)  *  (7) 

for  a  desired  ^stem  bandwidth  (uc)  and  phase  margin  (<j)m). 

This  requirement  specifies  the  exact  phase  of  the  loop 
transfer  function  at  the  cutoff  frequency.  For  the  accelera¬ 
tor  RF  application,  the  resonant  cavity  with  a  high  quality 
factor  will  have  the  lowest  frequency  pole.  In  addition  to  the 
narrow  cavity  bandwidth,  the  plant  may  have  nonlinear  ef¬ 
fects,  such  as  saturation  and  phase  droop  within  the  RF 
amplifier,  large  propagation  delays  that  add  phase  shifts, 
and  a  multitude  of  higher-order  poles  within  the  plant, 
actuators,  and  sensors.  All  of  these  factors  affect  the  loop 
transfer  function  and  influence  the  transient  behavior  of 
the  system.  The  frequency  response  of  the  compensator 
is  adjusted  to  shape  the  loop  transfer  function  and  create  a 
desired  transient  response. 

The  I&Q  controllers  perform  the  gain-shaping  func¬ 
tionality  by  using  phase  lag-lead  compensation.  Within  each 
controller,  a  feedback  signal,  providing  a  measurement  of  a 
detected  cavity  field  component,  is  compared  to  a  desired  set 
point.  If  the  feedback  signal  deviates  from  the  set  point,  an 
error  signal  is  generated.  A  proportional,  integral,  deriva-  [5] 
tive  (PID)  control  algorithm  is  used  to  process  the  error  sig¬ 


nal  and  provide  the  required  output  drive  signal.  A  phase  lag 
compensator  allows  the  low  frequency  gain  to  be  increased 
(which  means  an  improvement  in  steady-state  behavior) 
without  sacrificing  the  ^stem  bandwidth  or  stability  margins. 
An  integrator  performs  the  lag  compensation  and  essentially 
provides  infinite  gain  at  DC,  creating  zero  steady-state  error 
to  a  step  input  or  step  disturbance.  The  proportional  gain 
stage  provides  instantaneous  eriror  correction  for  low-fre- 
queniy  disturbances.  A  phase  lead  compensator  is  used  to 
increase  the  stability  margin  and  bandwidth  of  the  ^stem.  A 
differentiator  performs  the  lead  compensation  to  provide  ex¬ 
cess  gain  and  phase  margin  at  high  frequencies  and  improve 
the  transient  behavior  of  the  ^stem.  While  the  differentia¬ 
tor  increases  the  high-frequency  gains,  its  bandwidth  is  lim¬ 
ited  to  decrease  the  susceptibility  of  the  ^stem  to  high-fre- 
quenty  noise. 

The  relative  gains  of  each  of  the  three  PID  terms  de¬ 
termine  the  combined  frequency  response  of  the  controller. 
This  compensation  allows  the  cascaded  loop  transfer  func¬ 
tion  for  a  given  plant  to  be  shaped  to  provide  the  desired  per¬ 
formance  characteristics.  In  addition,  the  PID  coefficients 
can  be  automatically  adjusted  by  a  local  processor  to  accom¬ 
modate  various  plant  dynamic  characteristics  or  to  optimize 
the  compensator  for  time-vatying  plant  dynamics. 

V.  Conclusion 

The  LANL  I&Q  feedback  control  lystem  provides  ah 
effective  method  for  regulating  the  RF  field  within  an  accel¬ 
erating  cavity.  The  flexibility  that  has  been  designed  into  the 
predistorter  and  I&Q  controllers  allows  the  I&Q  control  as¬ 
tern  to  be  tailored  to  meet  most  accelerator  applications. 
With  some  prior  ^stem  analysis  and  modelling,  the  compen¬ 
sator  can  be  adjusted  to  provide  a  desired  closed-loop  per¬ 
formance.  In  addition,  the  parameters  of  the  control  ^stem 
can  be  empirically  corrected  by  an  autonomous  optimization 
algorithm  as  the  plant  dynamics  or  operating  conditions 
change. 
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Abstract 

One  way  of  synchronizing  the  SSC  Low  Energy  Booster 
with  the'M^ium  Energy  Booster  is  by  matching  the  iongitudi* 
nal  phase  of  the  designated  RF  buckets  of  two  machines 
throughout  acceleration  to  a  pre-programmed  trajectory.  This 
makes  the  synchronization  predictable  in  advance.  The  model 
associate  with  the  phase-locking  is  time-varying  and  model 
parameters  are  subjected  to  disturbance  due  to  errors  in  the 
ben^ng  magnetic  field.  Also  the  disturbance  could  be  due  to 
other  feedb^k  loops  such  as  a  B-field  loop  or  a  beam  phase 
loop  in  the  system.  The  measured  phase  error  between  the  two 
reference  waves  may  not  be  accurate.  Hence  in  this  paper  we 
have  shown  the  design  of  a  Sliding-Mode  controller  for  such  an 
application.  In  the  absence  of  measurement  errors  and  parame¬ 
ter  uncertainties  and  with  no  disturbance,  the  controller  reduces 
U)  a  classical  gain  feedback.  Due  to  the  general  approach  we 
have  adopted  in  synth^izing  the  controller,  the  techniques  can 
be  applied  to  existing  synchronization  schemes. 

I.  INTRODUCTION 

For  extraction  of  beam  from  one  accelerator  to  another,  a 
synchronization  loop  of  the  type  shown  in  Figure  1  can  be  used. 
This  would  involve  synchronizing  the  beam  frequency  or  the 
RF  signal  of  the  low-chergy  machine  with  an  external  reference 
source.  The  phase  difference  between  the  beam  and  the  refer¬ 
ence  source  is  used  to  correct  the  input  frequency  of  the  low 
energy  machine.  The  reference  source  could  be  a  separate  fixed 
frequency  osciljator  driving  the  high  power  RF  system  of  the 
higher  energy  machine  while  the  synchronization  process  is 
under  way.  Phase  synchronization  is  obtained  when  the  phase 
error  between  the  reference  source  and  the  beam  frequency  is 
made  equal  to  zero.  A  simple  design  of  such  a  feedback  system 
consis  ts  of  a  state  feedback  gain  k,  as  shown  in  Figure  1 .  Apart 


High  Power  RF 

Figure  1.  Synchronizalion  Loop. 
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from  the  synchronization  loop,  it  is  quite  normal  to  have  other 
feedback  loops  such  as  a  beam  phase  loop  or  a  B-field  loop  pro¬ 
viding  a  smdl  correction  function  to  the  variable  frequency 
source.  The  B-field  loop  is  not  able  to  give  full  indication  of  the 
correction  required  because  of  measurement  inaccuracy  in  the 
field.  Hence  the  field  error  would  act  as  disturbance  to  the  sys¬ 
tem.  Under  those  circumstances,  the  feedback  controller,  will 
not  be  able  to  drive  the  phase  detector  output  to  zero  since  the 
state  feedback  loop  cannot  handle  external  disturbance  on  the 
system.  In  this  paper  we  show  the  synthesis  of  a  sliding-mode 
controller  using  Lyapunov  Stability  Theory.  This  controller 
behaves  very  much  like  a  state  feedback  controller  when  the 
gain  associated  with  robustness  is  turned  off.  We  also  discuss 
the  effects  due  to  Q  of  the  RF  cavity  when  we  implement  this 
type  of  controller. 

In  our  analysis  we  assume  that  the  synchronization  of  the 
low  energy  machine  can  be  done  with  the  high  eneigy  machine 
throughout  the  acceleration.  However,  it  can  be  switched  on 
anytime  during  acceleration.  Although  the  synchronization 
scheme  in  Reference  I  is  dificrent  in  its  implementation  from 
the  conventional  approach,  in  principle  it  is  similar  to  Figure  1. 
Hence  the  feedback  controller  can  be  aj^lied  to  the  conven¬ 
tional  phase-lock  scheme. 

II.  FEEDBACK  CONTROLLER 
In  the  presence  of  B-field  errors,  the  phase  detector  output, 
bv;/,  can  be  represented*  by  the  following  equation  with  stan¬ 
dard  notations. 

dSv|r(0  _  f2n5f(,t)  2nf  i  (Q  v 

dt  h 

This  equation  is  derived  by  ignoring  the  non-linear  terms.  For 
the  present  analysis  the  terms  associated  with  8B(t)  can  be 
regarded  as  the  disturbance  to  the  system.  Under  no  distur¬ 
bance,  a  more  general  way  to  write  the  above  equation  is  in 
state-space  form  with  variables  (Af/j),  lb(t)],  (Cf/j)  as  system 
matrices,  u(t)  as  the  control  signal,  y(t)  the  output  signal,  and 
x(t)  the  state  variable  as  follows: 

i(/)  =  A  (f)x(/) +!>(/)«(/)  (2) 

y{t)  =CU)xit) 
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(10) 


where 

x{0>  =  8\^U)  >  A U)  =0  , 

C{t).  =  l-i  and.M(/)  =  .^8/(0  ' 
H 


bit) 


fr 


[T 


R 


The  time  variation  of  the  parameters  is  represented  by  (t). 
For  simplicity  we  do  not  write  the  script  (t)  in  our  discussion. 
With  distuibance,  i;c.,  Equation  2  becomes  equal  to 

x  =  biu  +  uj),  (3) 


where  is  regarded  as  the  disturb^ce  function  and  is  equal  to 

27t/l8B 

“rf  “  ~  /t  ^.T  '  (4) 


Also,  let  us  assume  that  the  measured  state,  x„  has  an  error  of 
;t(i^then 

'  =  ^  (5) 

where  ;ic  is.Uie  actual  state  as  described  by  Equation  3.  Now  the 
sliding  variabio  is  defined  with  the  measured  state  as  follows. 


oV'- 


(6) 


In  this  equation  a  is  equal  to  the  eigenvalue  of  the  closed  loop 
feedback  system.  Equation  S  is  substituted  in  Equation  6,  and 
resulting  equation  is  differentiated  with  respect  to  time.  The 
terms  with  :ii  arc  replaced  by  Equation  3.  After  simplification, 
we  get 


b~H  -  u  +  «^+b"^i^  +  8"*ou^ 


(7) 


The  justification  for  the  choice  of  the  stable  feedback  loop 
is  based  on  the  Lyapunov  function  candidate.  There  is  however 
no  unique  Lyapunov  function  for  this  problem.  A  more  suitable 
one  coiild  be  as  follows: 


V  =  (8) 

The  above  function  is  positive  because  the  system  parameter  b 
is  positive.  Furthermore,  from  Lyapunov  Stability  Theory,  a 
system  of  the  type  used  in  Equation  2  is  stable  when  tlic  time 
derivative  of  the  positive  definite  Lyapunov  function  is  nega¬ 
tive.  Hence  we  will  differentiate  Equation  8  with  respect  to  time 
and  substitute  Equation  7  in  place  of  S .  After  simplification 
we  get 

V  =  S[u  +  u^+gx^  +  gaix  +  x^)  -hS] 


g  =  g°  +  Ag 
h  =  h°  + Ah 

where  the  terms  g®  and  h°  are  the  nominal  quantities,  and 
Am  ,,  Ag  and  Ah  are  uncertainties  in  the  parameters  u^,  g 
ancT  h  ,  respectively.  Now,  using  Equation  10  into  Equation  9, 
we  obtain 

V  =  S[u+  (m^®  +  Am^)  +  ig°  +  Ag)ax^ 

~ih-  +  Ah)S  +  gx^]  (11) 

The  control  law,  u,  is  defined  in  such  a  way  that  Equation  11  is 
always  negative.  Let  it  consist  of  the  continuous  part  and  a 
switching  part  m^: 

M  =  m„  +  m, 
c  s 

where  -  g°ax^  +  h'^S  and 

«,  =  -  +  k^)  SgnS  .  (12) 


The  function  SgnS  in  Equation  12  is  a  signum  function 
which  has  a  valuc-of  cidicr  +1  or  -1  when  S  >  0  and  S  <  0, 
respectively.  The  constants  k^^,  k^,  and  k^  in  Equation  12  are 
selected  so  as  to  make  the  time  derivative  of  the  Lyapunov  func¬ 
tion  negative.  With  simple  algebra  we  can  arrive  at  the  follow¬ 
ing  condition. 

/:^>sMp|Aga| 

k^>sup\Ah\ 

^0>HAM^  +  gy. 

In  Equation  13,  'sup'  is  pronounced  as  supremum,  which  is  the 
maximum  value  of  the  function.  The  magnitude  of  the  constants 
depends  on  the  parameter  uncertainties,  but  for  stability  they 
must  satisfy  Equation  13.  The  continuous  part  in  the  control  law 
in  Equation  12  holds  the  phase  error  zero,  while  at  tlie  same 
lime  the  switching  part  introduces  the  robustness  into  the  loop. 
Hence  the  switching  part  would  take  care  of  the  disturbance 
rejection  and  parameter  uncertainties.  Equations  6  and  12  form 
the  feedback  controller,  as  shown  in  Figure  2. 


where 


and 


(9) 


Here  we  can  assume  that  the  disturbance  signal  uj  can  be 
measured.  Since  the  measurement  will  not  be  accurate,  we  can 
consider  this  term  to  have  a  nominal  measurable  term  and  an 
uncert:iinty  function.  When  the  measurements  are  not  available, 
the  nominal  value  will  be  zero.  Similarly,  parameter  uncertain¬ 
ties  can  be  assigned  to  g  and  /i.  Thus  we  can  write: 


Hgure  2.  Sliding-mode  controller. 

Under  the  condition  with  no  disturbance  (M(1=0),  no  mea¬ 
surement  error  (Xd=0),  and  no  parameter  variation,  the  gains 
k^=k^=k(f=0.  Also,  h=0  for  a  time  invariant  system,  since  a  state 
feedback  design  is  applicable  to  only  such  systems.  Hence  the 
slate  equation  of  the  closed  loop  feedback  becomes  equal  to 

X  =  bu  ~  -ax  ,  (14) 

where  a/ b  is  now  equal  to  the  gain,  k,  shown  in  Figure  1. 
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III.  ANALYSIS  OF  THE  LOOP  PERFORMANCE 
The  perfonnance  of  the  feedback  loop  is  analysed  by  cbn- 
sidenng  the  phase-locking  betwwn  the  Low  Energy  Booster 
arid  ,  the  Medum  Energy  Booster.  The  machine  parameters 
shown  in  Reference  2  are  used  for  the  analysis.  Figure  3(a) 
shows  a  plot  of  the  decay  of  the  phase  detector  output  with 
respect  to  time,  with  the  state  feedback  loop  gmn  of  k=2  and  5. 
TTie  phase  eiror  converges  to.  zero  as  expected.  The  profile  of 
the  phase  error  is,  however,  not  im^itant  but  it  should  be  zero 
at  the  transfer  time  (ignoring  all  the  fixed  phase  associated  with 
the  transfer  line  delays,  etc).  In  an  ideal  situation,  when  there  is 
no  field  error  affecting  the  beam  frequency,  we  would  expect  the 
synchronization  to  be  good  as  shown  in  Figure  3.  The  loop  per¬ 
formance  deteriorates  when  ^tep  magnitude  of  t<(i=11.6  rad/ 
sec  (for  (8b)/b  =  5  X  10”^  for  the  Low  Energy  Booster)  is 
introduced  to  the  system  and  is  held  high  until  the  extraction 
time.  The  time  response  of  the  phase  error  is  shown  in  Figure 
3(b)  for  this  disturbance,  It  is  clear  from  this  figure  that  the  sys¬ 
tem  is  not  robust  since  the  phase  error  is  not  held  zero  or  at  least 
to  a  tolerable  value.  It  can  be  minimized  by  making  the  feed¬ 
back  gain  excessively  large  which  may  lead  to  beam  oscilla¬ 
tions. 


Figure  3.  Tune  response  of  the  phase  error 
(a)  without  disturbance;  (b)  with  disturbance  (step  function  at  42ms). 

In  Figure  4(a)  the  loop  performance  is  shown  with  the  dis¬ 
turbance  function  for  the  sliding-mode  controller.  In  Figure  4(b) 
the  time  response  of  the  sliding  variable  S  (Equation  6)  is  dis¬ 
played.  From  these  figures  it  is  clear  that  the  product  SS  is 
always  negative.  Hence  the  loop  is  stable  throughout  the  accel¬ 
eration.  Also,  the  loop  performance  is  very  good  under  field 
errors  compared  to  the  usual  gain  feedback.  To  overcome  field 
errors  the  feedback  controller  generates  the  compensating  fre¬ 
quency  shift  to  the  oscillator.  Since  the  constant  /rg  controls  the 
magnitude  of  the  disturbance  rejection,  it  would  be  useful  to 
have  it  set  very  high.  Higher  itg  may  result  phase  oscillations  for 
digital  implementation  with  low  sampling  rates.  However,  the 


Figure  4.  (a)  Time  response  of  ihe  phase  error  (wiih  disturbance); 
(b)  Time  response  of  the  sliding  variable 


analogue  loops  have  no  such  problems.  When  there  is  no 
parameter  variation  {Ag  =  0  and  Ah  =  0),  the  gains  and 
can  be  negligible.  Hence  the  switching  part  of  the  control  input 
to  the  oscillator  is  mainly.dominated  by  ko.  Thus  it  is  dominated 
by  the  system  uncertainties,  whereas  the  continuous  part  acts  on 
the  initial  phase  eitor  by  the  same  principle  by  wmeh  the  state 
feedback  loop  works.  If  the  initial  phase  error  is  la-iie,  then  a 
sudden  frequency  shift  of  few  khz  would  introduce  beam  oscil¬ 
lations.  Hence  a  good  solution  would  be  to  use  the  time  varia¬ 
tion  for  appropriate  gains  including  the  eigenvdue,  ct. 
Implementation  of  such  a  gain  sequence  would  be  easier  for  a 
digital  synchronization  loop. 

It  is  well  known  that  the  beam  frequency  docs  not  change 
instantaneously  when  the  oscillator  is  shifted  by  the  control  sig¬ 
nal,  u.  The  time  constant  is  governed  by  the  Q  of  the  cavity  and 
the  amount  of  detuning  caused  by  the  beam  current  or  a  separate 
tuning  loop.  By  assuming  that  the  tuning  error  is  well  compen¬ 
sated,  the  equation  between  the  beam  frequency  shift  and  the 
source  frequency  shift  is  given  by 


w  w 

.  cav  ,  cav 


(15) 


where  -  resonant  frequency  of  the  cavity  and 

u-  =  (27tV/) /h,  with  6/j.  as  the  oscillator  frequency  shift. 
A  block  diagram  representing  Equations  2  and  IS  is  shown  in 
Figure  5.  The  time  response  of  the  phase  error  is  not  very  differ 


Figure  5.:  System  model  with  the  Q  of  Uie  RF  cavity 


ent  from  Figures  3  and  4  for  the  ratio  (2g)  / up  to  1  mil¬ 
lisecond. 


IV.  CONCLUSIONS 

Analytical  treatment  of  the  synchronization  feedback  loop 
is  shown  in  this  paper.  Although  the  gain  feedback  loop  is  easier 
to  design  and  implement,  the  simulation  results  show  that  the 
controller  properties  are  not  useful  to  handle  changes  in  the  syn¬ 
chronization  conditions  with  B-field  errors.  The  sliding-mode 
conuoller  shows  robustness  for  such  applications.  For  large  dis¬ 
turbance  rejection,  the  inherent  oscillatory  nature  of  the  control 
signal  can  be  overcome  by  introducing  well-known  saturation 
function. 
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Abstract 

in  rewht  years,  much  effort  has  gone  into  research  on 
high*p9werr  short-pulsed  free-electrpn  lasers  (FELs)  and 
relativistic  klystrons  (RKs)  driven  by  linear  induction 
accelerators  (LIAs).  These  devices  are  potential  power 
sources  for  future  linear  colliders  several  kilometers  in 
length.  The  new  high-power  devices  must  meet  certain 
practical  requirements  on  such  parameters  as  stability, 
efhciency  and  cost.  In  this  paper,  we  address  the  problem 
of  phase  and  amplitude  stability  of  the  rf  pulse  and  present 
a  technique  for  improving  it  in  the^  devices  to  a  level  that 
is  acceptable  for  accelerator  appiintions.  We  summarize 
the  results  of  bench  tests  and  computer  simulations,  and 
discuss  a  proposed  high-power  klystron  experiment  aimed 
at  establishing  the  feasibility  of  the  overall  concept  and  the 
workability  of  the  stabilization  circuits. 

Introduction 

The  required  amplitude  and  phase  stability  for  future 
linear  collider  power  sources,  during  the  useful  portion  of 
the  puls^,  flattop,  is  on  the  order  of  <  ±1%  and  <  ±2*, 
respectively^  A  program  underway  at  LLNL  has  reduced 
the  beam  energy  variations  in  one  LIA^  to  <  ±1%,  a 
significant  achievement.  As  LIA  beam-driven  high-power 
microwave  amplifiers  (HPMAs)  are  usually  constructed  and 
operated,  however,  beam  energy  and  current  variations 
during  the  pulse  flattop  can  result  in  output  rf  amplitude 
fluctuations  of  20%  or  more  and  phase  variations  of  ±20 
to  30  degrees.  For  such  machines,  it  will  be  extremely 
difficult  to  achieve  the  level  of  stability  necessary  for 
powering  particle  accelerators  without  a  method  of  com¬ 
pensating  for  the  beam-caused  fluctuations.  Given  such  a 
method,  on  the  other  hand,  the  requirements  for  beam 
stability  could  be  relaxed,  resulting  in  important  savings  in 
the  complexity  and  cost  of  the  LIA  driver. 

In  the  operation  of  present-day  RKs  and  FELs,  it  is 
observed  that  the  fluctuations  in  the  electron  beam  energy 
and  current,  and  the  resulting  fluctuations  in  output  rf 
phase  and  amplitude,  are  very  repeatable  from  pulse  to 
pulse.  This  is  no  doubt  due  to  the  systematic  nature  of  the 
causes  of  beam  variations.  This  repeatability  is  exploited 
in  the  stabilization  technique  described  in  detail  below.  It 
enables  the  rf  output  phase  and  amplitude  error  signals  to 
be  sampled  on  one  pulse,  held  in  memory  circuits  and. 


suita^bly  proc^e^,  then  applied  on  the  nm  pulse  at  the 
input  of  the  HPMA  in  such  a  manner  that  errors  on 
subsequerit  pulses  are  reduced.  This  feed-forward  or 
delayed-feedback  approach  is  especially  suitable  for  repeti¬ 
tive,  short-pulsed  devices  whose  physical  size  causes 
excessive  signal  propagation  delays  that  preclude  the  use  of 
directly-closed  feedback  loop  correction. 

PHASE  STABILIZATION  SYSTEM 

The  1 1.4-GHz  RK  phase  stabilization  system  described 
below  applies  equally  well  to  other  HPMAs  such  as  FELs, 
klystrons  and  ^clotron  auto-resonance  masers  (CARMs). 
The  RK  is  considered  a  worst-case  example  because  of  the 
retarding  effect  of  its  stored  energy  on  response  time. 

Figure  1  shows  a  block  diagram  of  the  new  phase- 
stabilizing  system.  A  key  component  of  the  correction 
circuit  is  a  fast  varactor  phase  shifter,  PS-1,  the  RK 
output  phase  signal  is  compared  to  the  phase  of  the 
reference  signal  in  the  CC-1  circuits,  generating  a  phase 
error  signal  which  is  processed  and  held  in  memory  circuits. 
On  the  next  machine  pulse,  this  error-correction  pulse  is 
read  out  and  sent  to  the  varactor  phase  shifter.  The  device 
produces  an  offsetting  phase  shift  in  the  RK  input  drive 
signal,  compensating  for  the  RK  output  phase  error 
produced  in  the  previous  machine  pulse  by  beam  energy 
fluctuations. 


Fig  1  Block  Diagram  of  a  Phase  Stabilization  System 
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Two  techniques  for  implementing  the  CC-1  correction 
circuits  have  been  considered  in  this  paper.  The  first 
employs  fast  track-ahd-hold  modules  for  sampling  the 
phase  error  signal  during  ten  sampling  periods  over  the  40- 
50  ns  pulse.  On  the  next  machine  pulse,  the  signals  are 
sequentially  gated  out  of  these  ten  memory  units  on  a 
single  line  and,  following  appropriate  amplifying,  filtering 
and  possibly  inverting,  sent  to  control  the  varactor  phase 
shifter.  This  is  likely  to  be  the  lower-cost  approach  and 
lends  itself  to  miniaturized  packaging.  The  second  tech¬ 
nique  uses  fast  digitizers  to  sample  the  phase  error  signal 
and  a  microcomputer  to  process  the  correction  samples  and 
to  program  a  fast  waveform  generator.  On  the  next  pulse, 
the  generator  is  triggered  and  its  output  pulse  commands 
the  varactor  phase  shifter.  A  delayed  feedback  system 
using  this  technique  was  used  to  correct  transverse  position 
variations  of  a  short  electron  pulse  on  an  induction 
accelerator^.  This  approach  has  the  advantages  of  flexibili¬ 
ty  and  the  use  of  existing  instrumentation  but  its  initial  cost 
is  higher.  For  both  of  these  techniques,  the  error-correc¬ 
tion  process  goes  on  continuously  from  pulse  to  pulse. 


a  fast  phase-change  by  changing  the  electrical  path  length 
travel^  by  the  11.4  GHz  signal  as  it  passes  from  port  1  to 
port  3  of  the  circulator.  This  phase-modified  signal  and  the 
reference  signal  are  the  inputs  to  a  phase  detector  consist¬ 
ing  of  a  mixer  and  a  back  diode.  The  mixer  IF  bandwidth 
is  specified  as  3.0  GHz.  The  net  response  time,  i.e.  10-90% 
step  risetime,  of  the  overall  phase  modulation  and  detec¬ 
tion  process  was  measured  to  be  0.8  ±0.1  ns  (after  sub¬ 
tracting  the  scope/plug-in  contribution). 


The  question  of  the  feasibility  of  such  a  system  centers 
on-  overall  response  time,  adequate  circuit  component 
performance  and  the  general  workiibility  of  the  stabilization 
circuit.  The  response  time  required  at  SLAG  to  make  a 
180*  phase  change  in  the  output  of  a  high-power  8.S6  GHz 
klystron  was  measured  to  be  20-30  ns^.  A  several-hundred 
megawatt,  11.4  GHz  LLNL  RK  had  an  input  buncher 
cavity  with  a  Q  »  170.  The  typical  1.5-kW  peak  input 
power  could  produce  a  calculated  phase-change  rate  of 
about  37  deg/ns  in  this  cavity.  Higher-power  RKs  could 
have  lower  Q-values  and  thus  even  faster  response.  We 
can  conservatively  take  worst-case  values  of  20  deg/ns  for 
the  RK  response  rate  and  20*  for  the  maximum  required 
phase  correction  from  pulse  to  pulse.  Making  realistic 
estimates  for  the  risetime  contributions  from  the  remainder 
of  the  stabilization  circuit  components,  we  calculate  that 
the  worft-case  phase-change  risetime  for  each  correction 
step  is  !S  2.5  ns.  If  no  further  signal  processing  took  place, 
during  the  correction  pulse  risetimes  small  error  spikes  of 
phase  modulation  would  result.  To  minimize  these,  the 
CC-1  signal  processing  circuits  can  provide  a  smoothing, 
interpolating  .ration  during  the  risetime  of  each  correction 
step. 

To  measure  relevant  risetimes  and  demonstrate  phase- 
error  correction,  v'e  assembled  the  test  circuit  shown  in 
Figure  2.  For  the  varactor  phase-shifter,  we  purchased  an 
11.4  GHz,  narrow-band,  0  to  100®  unit  custom-fabricated 
to  our  specifications  and  optimized  for  fast  risetime.  It  has 
a  nominal  insertion  loss  of  about  9  d3  and  operates  with 
a  0  to  -16V  control  pulse.  It  was  also  found  to  have  an 
insertion  loss  that  varied  several  dB  over  the  control 
voltage  range  (see  Amplitude  Stabilization  System,  below). 
The  circulator,  fast  PIN  diode  switch  and  short-circuit 
within  the  dotted  enclosure  (Figure  2)  are  ysed  to  produce 


Fig  2  Test  Circuit  for  Phase  Error  Correction 

Once  a  phase-error  signal  is  produced,  detected  and 
displayed  on  the  scope,  the  PG-1  pulse  generator  can  drive 
the  PS-1  varactor  phase  shifter  and  demonstrate  cancella¬ 
tion  of  the  phase  error.  Being  adjustable  in  amplitude  and 
dc  offset  biasing,  PG-1  permits  the  exploration  of  the  PS-1 
control  parameter  space.  It  simulates  the  output  of  the 
phase  correction  circuits  in  CC-1  of  the  full  RK  system. 
One  can  view  the  phase-error  signal  as  a  simulation  of  that 
being  produced  by  an  RK  on  one  machine  pulse,  and  the 
PG'l  output  pulse  as  that  simulating  the  phase-correction 
signal  gated  out  of  the  CC-1  circuits  on  the  following  pulse. 
The  scope  can  conveniently  display  the  error  signal  before 
and  after  phase  correction  is  performed.  The  lower  trace 
of  Figure  3a  shows  an  uncorrected  phase-error  pulse 
simulated  by  the  test  circuit  with  the  PG-1  pulser  inactive. 
The  upper  trace  is  the  waveform  of  the  PIN  switch  driver 
pulse.  Figure  3b  shows  a  partial  correction  effected  by 
adjusting  the  PG-1  pulser  amplitude  correctly  (but  whose 
pulse  width  is  too  short).  Figure  3c  shows  correction  that 
is  complete  except  for  some  leading  and  trailing  edge 
aberrations.  This  experiment  thus  demonstrates  the  basic 
feasibility  of  the  correction  technique  and  the  adequacy  of 
circuit  components  for  achieving  the  desired  response  time. 
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Fig  3  Phase  Error  and  Correction  Pulses 
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We  further  inv^tigated  the  minimum  resolvable  phase 
correction  that  coiild  be  produced  as  limited  by  signal-to- 
noise  considerations.  By  using  a  standard  low-noise 
amplifier  after  the  phase  detector,  it  is  clear  that  a  stability 
(and  minimum  correction)  of  <  ±2*  can  be  achieved 
within  the  desired  bandwidth  of  about  300  MHz.  The 
minimum  system  dynamic  range  is  then  determined  to  be 
±2  to  50*,  or  14  dB,  with  the  existing  varactor  phase 
shifter. 


simulations  of  the  stabilization  circuit  performance  are 
shown  in  Figure  5  for  a  500  MHz,  ±25%  square-wave 
modulation  of  the  RK  beam  current.  Figure  5a  shows  the 
open-loop  behavior,  e.g.  the  resultant  11.4-  GHz  amplitude 
fluctuations  and  the  amplitude  error  signal  settling  to  ~ 
±0.6  V.  Figure  5b  shows  the  closed-loop  results  with  the 
amplitude  error  settling  to  <  ±1.0  mV  in  about  1.0  ns. 
This  corresponds  to  a  0.17%  amplitude  stabilization  level. 


A  1.6-MeV  RK  was  realistically  modeled  along  with 
the  other  elements  of  the  phase  stabilization  system  on 
Extend  software.  Simulated  output  phase  errors  were 
generated  by  simulating  variations  in  the  RK  beam  voltage. 
Figure  4a  shows  the  open-loop  (i.e.  uncorrected)  amplified 
and  filtered  phase-error  signal  resulting  from  a  simulated 
±7.5%,  200  MHz  square-wave  modulation  of  the  beam 
voltage.  The  ±45%  phase  error  thus  produced  resulted  in 
a  ±0.3  V  error  signal.  Figure  4b  shows  the  closed-loop 
error  signal  (note  the  vertical  scale-change)  settling  to  <  1.0 
mV  in  <1.5  ns.  This  corresponds  to  a  phase  stabilization 
level  of  0.3%,  or  ±0.15*,  clearly  demonstrating  the 
workability  of  the  circuit. 

AmpI,  volt>  AmpI,  voiti 


Fig  4  Open  (a)  &  Closed  (b)  Loop  Phase  Correction  Simulation 


AMPLITUDE  STABILIZATION  SYSTEM 

The  amplitude  stabilization  system  is  similar  to  that 
shown  in  Figure  1  except  that  an  amplitude  comparator 
replaces  the  phase  detector  and  a  voltage-controllable 
attenuator  replaces  the  varactor  phase  shifter.  It  may  be 
difficult  to  achieve  the  desired  bidirectional  response  time 
v/ith  PIN  diode  attenuators.  A  better  solution  is  to  make 
use  of  the  fast  amplitude  modulating  capability  of  the 
varactor  phase  shifter.  This  single  unit  can  then  become 
the  dual-purpose  controlling  element  in  a  combined  phase 
and  amplitude  stabilization  system.  To  avoid  instabilities, 
the  settling  times,  i.e.  the  poles  of  the  response  functions, 
of  the  two  correction  loops  can  be  widely  separated. 

Bench  tests  of  amplitude  error  cancellation  were 
performed  with  results  appearing  nearly  identical  to  those 
shown  in  Figure  3  for  phase  correction.  We  slso  showed 
that  a  minimum  resolvable  amplitude  correction  of  < 
±  1.5%  was  achievable  and  that  a  maximum  correction  of 
>  ±20%  was  easily  achieved  by  the  use  of  the  varactor 
amplitude  modulator.  The  results  of  Extend  computer 
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Fig  5  Open  (a)  &  Closed  (b)  Loop  Amplitude  Simulation 


High-Power  Klystron  Experiment 

We  will  be  performing  tests  of  a  delayed  feedback 
system  to  control  the  rf  phase  on  the  choppertron^  an 
11.4-GHz  high  power  source  now  being  studied  at  the 
Microwave  Source  Facility  at  Livermore.  At  modest 
currents  the  choppertron  has  so  far  produced  1(X)-MW,  30- 
nsec  rf  pulses.  Modifications  should  increase  the  amplitude 
of  single  output  to  several  hundred  megawatts  without 
shortening  the  pulse  width.  Additional  amplitude  and 
phase  variation  in  the  rf  output  for  testing  the  feedback 
system  can  be  imposed  by  inducing  a  voltage  variation 
during  the  pulse.  The  first  experiments  will  determine  how 
changes  in  the  driver’s  phase  will  affect  the  phase  of  the  rf 
output  from  the  tube.  The  elements  for  a  feedback  control 
system  using  the  second  technique  described  above  have 
been  procured,  and  are  undergoing  bench  test.  In  these 
tests  the  varactor  phase  shifter  will  be  placed  between  the 
signal  generator  and  the  TWT.  The  rf  pulse  from  the  TWT 
is  amplified  to  about  1  MW  by  a  Thompson-CSF  pulsed 
klystron  before  it  is  coupled  to  the  drive  cavity  of  the 
choppertron. 

'’Work  supported  by  DOE  SBIR  grant  no.  DE-FG03-90ER80907  and 
DOE  contract  no.  W-705-ENG-48  (LLNL)  and  DE-AC03-76SF00098 
pL) 

''R.D.  Ruth,  "Multibunch  Energy  Compensation",  Proc.  on  Workshop  on 
Physics  of  Linear  Colliders,  Capri,  June  13-17  (1988)  p.  291. 

“W.C.  Turner,  "Control  of  Energy  Sweep  and  Transverse  Beam  Motion  in 
Induction  Linacs,"  Proc.  IEEE  Part.  Accel.  Conf.,  San  Francisco,  Ca,  May 
6-9  (1991). 

^F.  Coffield,  et  al.,  "The  Fast-Correction-Coil  Feedback  Control  System," 
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and 
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Abstract 

.A‘'gbi^»ton  counting  system  was  installed  in  the  Photon  Fac- 
it^yfjftbrage  ring  at  the  KEK  for  precise  meaaureinent  of 
^lIMime-structure  of  bunches.  Photons  emitted  in  a  bend- 
‘■®g  section  are  detected  with  a  inicrochannel-plate  photo¬ 
multiplier.  The  time  interval  between  the  output  of  the 
photomultiplier  and  the  signal  synchronized  to  the  revolu¬ 
tion  frequericy/of-the  ring  is  converted  to  the  pulse  height. 
The  distribufion  of  the  pulse  height  wl  ich  corresponds  to 
the'time-structure  of  buiiches  in  the  ring  is  analyzed  by 
a  rhuiticHannel  analyzer.  In  addition  to  the  bunch  length 
measurement,  the  single  bunch  impurity  was  also  success¬ 
fully  measured. siiice  the  system  has  an  excellent  dynarhic 
rangev 

1  Introduction 

The  time-structure  of  bunches  in  an  electron  storage  ring 
in  the  single-bunch-mode  is  interesting  in  two  points  of 
'View.  In  the  microscopic  view,  the  length  or  the  shape 
of  bunch  has  great  interest.  The  electromagnetic  field  in¬ 
duced  in  vacuum  vessels  of  the  ring  by  a  bunch  acts  back  to 
the  buiich,  changing  its  shape  and  length.  By  measuring 
bunch  length  as  a  function  of  the  beam  current,  the  cou¬ 
pling  impedance  of  the  vacuum  chamber  of  the  ring  can  be 
estimated. 

In  the  macroscopic  view,  it  is  necessary  to  measure  the 
single  bunch  impurity,  which  is  the  ratio  of  posit' 
unwanted  buckets  to  those  in  the'main  bucket,  in  oiucr  /;o 
improve  the  quality  of  time-resolved  experimentsl^b 

There  are  several  methods  to  measure  the  time-structure 
of  bunchy.  We  adopted  a  photon  counting  method.  As 
the  main  error  source  of  this  method  is  the  statistical  one, 
an  excellent  resolution  is  obtainable  when  enough  events 
are  collected.  This  enables  us  to  have  much  larger  dy¬ 
namic  range  compared  with  other  methods  such  as  a  streak 
camera  or  photo-diode.  The  single  bunch  impurity  cannot 
be  measured  quantitatively  without  the  photon  counting 
methodl^l. 

We  have  installed  a  photon  counting  system  in  the  beam¬ 
line  21  in  the  Photon  Factory  of  National  Laboratory  for 
High  Energy  Physics  (KEK-PF)  and  measured  the  time 


Table  1:  Main  Parameters  of  KEK-PF-Ring  , 


Energy 

E 

2.5 

GeV 

Circumference 

C 

187.07 

m 

Betatron  tune 

Vs 

8.37 

3.39 

Revolution  frequency 

frev 

1.6 

MHz 

Harmonic  number 

h 

312 

Radio  frequency 

fr/ 

500 

MHz 

Momentum  compaction  factor 

Otj, 

0.0157 

Peak  RF  voltage 

V 

1.7 

■MV 

Radiation  damping  time 

Tx 

7.79 

ms 

7.82 

ms 

Te 

3.92 

ms 

Synchrotron  frequency 

f, 

36 

kHz 

Natural  bunch  length 

(Tx 

50 

ps. 

Touschek  lifetime  (lA) 

Tr 

2000 

s 

and  current  dependence  of  the  time-structure  of  bunches. 
The  related  parameters  of  the  KEK-PF  storage  ring  is 
listed  in  Table  1. 


2  Experimental  setup 

Positrons  circulating  in  the  ring  emit  photons  stochasticaly 
in  a  bending  section.  As  the  probability  of  the  emission 
of  photon  is  the  same  for  all  positrons  in  any  RF-buckets, 
the  time  distribution  of  photons  is  proportional  to  that  of 
the  positrons. 

The  system  is  shown  schematically  in  Fig.  1.  Photons 
from  the  nearest  bending  section  are  led  to  a  mirror  cham¬ 
ber  through  a  vacuum  pipe.  About  20%  of  the  visible 
light  are  reflected  by  a  mirror  made  of  SiC.  The  mirror  is 
cooled  through  a  water-cooled  Cu  holder.  The  reflected 
light  reaches  a  photomultiplier  (PMT)  through  an  ICF-70 
view  port,  a  Pb-acrylic  glass  of  22  mm  thick,  light  reduc¬ 
ing  filters  and  a  precise  horizontal  slit.  The  number  of 
photons  are  reduced  to  the  level  of  one  photon  detection 
per  about  hundred  revolutions  of  a  bunch.  As  it  is  neces¬ 
sary  to  use  PMT  with  small  transit  time  spread  (TTS),  we 
have  chosen  a  microchannel-plate  type  PMT  (Hamamatsu 
Photonics  R2809U),  TTS  of  which  is  about  55  ps. 


0-7803-0135-8/91S03.00  ©IEEE 
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SiC  mirror 


18  rrirad 

4  mrad 
ND-Filter 
MCP-PMt 


Figure  !:  The, photon  counting  system 
RF-Ampx2. 


Figure  2:  The  block  diagram  of  the  electronics. 
MCP-iPMT:  MicroChannel  plate-type  photomultiplier, 
CFD:  Constant  fraction  discriminator,  TAG;  Time  to  am¬ 
plitude  converter,  MCA:  Mulitichannel  analyzer,  RF/312: 
TVigger  signal  synchronized  to  revolution  frequency. 


The  block  diagram  of  the  electronics  is  shown  in  Fig.  2. 
Pulses  from  the  PMT  is  amplified  with  a  wideband  am¬ 
plifiers,  the  total  gain  and  the  bandwidth  of  which  are 
49  dB  and  ~  1  GHz  respectively,  and  amplified  signals 
are  shaped  with  a  constant  fraction  discriminator  (CFD, 
Ortec  582).  The  RF  from  the  acceleration  system  is  di¬ 
vided  by  312  that  is  the  harmonic  number  of  the  PF  ring 
in  order  to  obtain  the  signal  synchronized  to  the  revolution 
of  a  bunch.  A  time  to  amplitude  converter  (TAC,  Ortec 
467)  generates  pulses  the  height  of  which  is  proportional 
to  time  interval  between  the  shaped  signal  from  the  CFD 
and  the  synchronized  signal.  The  outputs  from  the  TAC 
are  amplified  by  a  DC-amplifier  with  a  gain  of  ~  14  dB 
and  the  distribution  of  pulse  heights  are  analyzed  with  a 
MCA  (multichannel  analyzer,  EG&G  7800).  The  typical 
counting  rate  was  about  20  kHz  and  the  dead-time  was 
about  30%  at  a  beam  current  of  20  mA. 


0  Channel  4095 


Figure  3:  Time-structure  of  the  bunch, in  log  scale. 


Channel 


Figure  4:  The  shape  of  the  main  bunch  in  linear  scale.  The 
beam  current  was  10  mA. 

second  bunch  to  that  in  the  main  bunch  is  about  1  %. 

Figure  4  shows  the  shape  of  the  main  bunch  in  linear 
scale  at  the  beam  current  of  10  mA.  The  shape  has  an 
appreciable  asynunetry.  However,  the  current  dependence 
of  the  asymmetry  is  not  noticeable,  as  described  in  the  next 
section.  Therefore,  the  cause  of  the  asymmetry  seems  not 
to  be  the  wake  field  induced  by  the  beam  but  to  be  the 
TTS  in  the  PMT. 

A  preliminary  result  of  the  population  versus  time  in  the 
second  bunch  after  injection  is  shown  in  Fig.  5.  Though  the 
systematic  error  due  to  analysis  is  uncertain,  the  increasing 
of  population  is  clearly  observed  with  this  system.  Detailed 
analysis  is  now  under  investigation. 


3  Results 

Figure  3  shows  an  example  of  time-structure  of  the  bunch 
in  log  scale  at  a  circulating  current  of  10  mA.  The  abscissa 
shows  the  MCA  channels  correspond  to  time  interval.  In 
this  figure,  time  flows  from  the  right  to  the  left,  i.e.,  the 
bunch  oh  the  left  follows  that  on  the  right,  and  one  channel 
corresponds  to  5.05  ps.  At  least  three  bunches  are  clearly 
recognizable.  The  forth  peak  may  be  due  to  the  internal 
reflection  in  the  PMT.  The  ratio  of  positron  number  in  the 


4  Bunch  Lengthening 


We  have  tried  to  deconvolute  the  results  by  fitting  them 
with  the  function 


dh 


where  the  exponential  and  Gaussian  functions  show  the 
TTS  of  the  PMT  and  actual  bunch  shape  respectively.  The 
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Figure  5:  Increase  in  the  population  in  the  second  bunch. 
The  horizontal  bars  represent  the  time  interval  during  each 
measurement. 

code  MINUIT  was  adopted  assuming  the  statistical  error  of 
y/N  +  1,  where  Nis  the  event  number.  The  fitted  standard 
deviation  (ff)  and  the  ’’TTS”  r  are  plotted  as  a  function 
of  beaih  current  in  Figs  6.  The  small  change  of  r  shows 
this  asymmetry  does  not  come  from  the  wake  field.  We 
have  approximated  the  bunch  lengthening  data  with  two 
straight  lines  as  shown  in  Fig.  6.  The  crossing  point  be¬ 
tween  two  lines  is  near  25  mA  and  is  consistent  with  other 
data  independently  obtained  from  a  streak  cameral^l. 

5  Summary 

We  have  constructed  a  photon  counting  system  at  Beam¬ 
line  21  in  the  KEK-PF.  Though  the  background  probably 
due  to  the  multiple  reflection  in  the  photon  beam  pipe  is 
not  minimized  enough,  this  system  shows  so  large  dynamic 
range  as  to  measure  the  small  change  of  the  impurity  quan¬ 
titatively.  With  the  method  of  deconvolution,  the  bunch 
lengthening  is  clearly  obtained,  which  is  consistent  with 
the  results  from  the  streak  camera. 

We  have  a  plan  to  use  a  focusing  system  to  minimize  the 
effect  of  the  multiple  reffection.  The  shape  of  TTS  of  the 
PMT  will  be  measured  by  means  of  ultra-short-time  laser. 

The  authors  wish  to  express  their  sincere  appreciation 
to  Prof.  H.  Kobayakawa  who  kindly  gave  us  an  opportu¬ 
nity  to  make  experiments  in  the  PF  ring.  They  wish  to 
thank  Prof.  M.  Kobayasi  and  the  vacuum  group  of  the 
PF-ring  of  their  useful  suggestions  for  the  designing  the 
vacuum  system.  They  wish  to  thank  Dr.  N.  Nakamura  of 
his  valuable  information  about  the  bunch  lengthening  data 
measured  by  the  streak  camera.  They  wish  to  acknowledge 


Figure  6:  Current  dependence  of  the  bunch  length  cr  (solid 
curve)  and  TTS  r  (dashed  curve).  The  natural  bunch 
length  is  drawn  in  dotted  line;  The  horizontal  bars  mean 
the  current  variation  during  each  measurement. 

Dr.  T.  Mituhashi,  Dr.  S.  Sakanaka  and  Dr.  S.  Kishinioto  of 
their  cooperation  in  the  measurement  of  the  single  bunch 
impurity.  They  thank  Dr.  K.  Haga  and  Mr.  H.  Nakamura 
of  their  help  in  the  construction  of  the  system.  The  mirror 
was  provided  by  Mechatronics  Products  Development  De¬ 
partment  of  Ishikawajima-Harima  Heavy  Industries  Co., 
Ltd.  The  data  analysis  was  mainly  performed  by,  using 
VAX  computers  of  the  Data  Analysis  Laboratory  fo;;  High 
Energy  Physics,  Hiroshima  University. 
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